Tomography, scanning electron microscopy techniques and image analysis of coal for natural gas recovery by McKay, Thomas James
 
 
Tomography, scanning electron 
microscopy techniques and image analysis 
of coal for natural gas recovery.  
 
 
 
By Thomas James McKay 
 
 
 
 
 
A thesis submitted for the degree of  
Master of Philosophy in Physics and Engineering 
The Australian National University. 
 
 
 
 
 
 
 
 
Acknowledgements 
 
I would like to take the opportunity to thank the people who have made this entire process 
very enjoyable. I am thankful for the guidance of Prof. Tim Senden, for his encouragement 
and enthusiasm coupled with an outstanding knowledge of chemistry and physics. Thank you 
to Dr Andrew Fogden for his patience, sharp intellect and outstanding tennis skills. I would 
like to thank Prof. Mark Knackstedt for his help and ideas. A special thank you to Benjamin 
Young, Dr Michael Turner and Dr Anna Cannerup for all of their invaluable assistance with 
sample preparation. Thank you to Dr Alexandra Golab for providing the samples and initial 
guidance through the first few months.  
I am indebted to Jill Middleton, Dr Shane Latham, Dr Andrew Kingston, Dr Adrian 
Sheppard, Paul Veldekamp, Holger Averdunk, Dr Robert Sok and Dr Ajay Limaye for their 
invaluable help with MANGO along with the other computational tools and software analysis 
programs that were used in the thesis. I would also like to extend thanks to Dr Joseph 
Hamilton for his help with analysis of some of the samples presented in Chapter 4. 
The environment at Applied Mathematics is scientifically diverse and cooperative, frequent 
meetings give way to some very interesting discussions and research ideas. Thankyou to the 
staff of Applied Mathematics for their help and support along the way, especially Tim 
Sawkins, Ron Cruikshank, Arthur Davies. I would like to thank Jan Hendrik, Francois 
Hamon, Bo Wu and Mehdi Shabaninejad for being excellent officemates and making the 
slower days go more quickly. Thanks to Joe Tayati for keeping the student body close 
together and organising various activities on a monthly basis. Thanks to the students Alison, 
Rick, Johnny, Stuart, Tom and Tim for making the whole process much more enjoyable. 
Finally, I would like to thank my family, who I could always count on for unconditional love 
and support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To my family, you will always be a source of strength, 
inspiration, patience and compassion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
Flow paths including porosity and fracture networks in reservoirs are essential for oil and gas 
recovery. Core analysis cannot reliably reflect reservoir quality if the pore network is highly 
heterogeneous. In coal cores, the matrix can be so fractured, heterogeneous or complex that 
experiments may require the support of modelling, which itself requires detailed 3D images 
and computational analysis of the pore space. One prime example is coal bed methane, which 
is becoming increasingly important to Eastern Australia’s energy security. Other Western 
markets already have producing coal and shale wells, although quite often the recovery rates 
are poor and difficult to understand or predict. This thesis describes novel sample 
preparation, imaging and image analysis techniques that can be used to better quantify carbon 
rich reservoirs, and in particular coal. 
 A 3D imaging and computational analysis technique was used to visualise and quantify the 
location of coal fractures and cleats, minerals and microporous regions that are important for 
gas storage in coal reservoirs. 2D techniques are used to provide higher resolution 
information and classification of detrital and diagenetic minerals within sectional planes of 
the coal samples. Furthermore, this 2D information was spatially aligned with its 
corresponding slice within the 3D tomogram of the coal sample. The study examined the 
effectiveness of combining the methods above in order to use the results obtained from 2D 
analysis techniques can be used to improve the interpretation and quantification of mineral 
and pore features throughout the 3D tomogram.  
The thesis includes the analysis of three coal samples from the Sydney Basin in Eastern 
Australia, each with a significantly different distribution of minerals and porosity. 3D 
computer tomography imaging is already well established for sandstones and dolomite rich 
carbonates, but less so or reservoirs where a majority of the features exist at a size that is 
below a few micrometres. Results will include a comparison of conventional laboratory 
techniques and 3D imaging at the micron resolution scale. Techniques developed in this 
thesis can also be applied to microporous reservoirs such as carbonates and shales. 
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Chapter 1 Introduction 
 
The existing supply of oil and gas is increasingly pressured by the lack of discoveries of new, 
easily accessible fields, the growing population and its increasing energy demand due to 
rising standards of living in most countries. The development of China and India turns the 
spotlight on the need to enhance recovery from existing conventional reservoirs and begin 
production from others that may have been seen as unfeasible several years ago. In order for 
these new recovery techniques to succeed, the reservoirs need to be better characterised, 
especially in the case of coal and shale, where little information can be obtained using 
conventional reservoir analysis techniques. 
The petroleum industry will need to further develop core analysis techniques in order to 
better manage and estimate reservoir production in coals. Each reservoir is unique, so there is 
no blanket case or ideal example that can be applied to every reservoir of a particular 
lithotype. The development of new core analysis techniques will allow companies to better 
analyse the reservoirs using an actual core sample, rather than by application of an ideal 
hypothetical solution to every reservoir.  
Methane obtained from both coal and shale sources will be of a growing importance to both 
Eastern Australia and the world for years to come. Australia currently produces around 2.4% 
of the world’s energy (ABARE 2014, p. 2), due to its abundant resources of uranium, coal 
and natural gas. Australia is currently ranked fourth in the world in terms of liquefied natural 
gas (LNG) and second in coal exports. 
Increases in gas generation are likely to come from a combination of offshore conventional 
and coal seam gas (CSG) reservoirs. This surge in production will attempt to meet the surge 
in demand as populations and living standards increase in the Asia and Pacific regions due to 
strengthening economies. These claims are backed by the International Energy Agency 
(IEA), which estimates a 40 percent increase in global demand for LNG products by 2035, 
with the centres of growth being Asia and India. Increases in production in America due to 
the expansion of gas production from shale reservoirs has brought about the construction of 
several LNG export terminals along with the conversion of several that were originally 
designed for importation. 
Australia currently produces around 20,000 PJ (20 EJ) of energy annually, almost three 
quarters of which is exported. While growth in the Asia and Pacific region is slowing, the rate 
of energy consumption is ever increasing, with a significant portion of coal generation 
capacity looking to be replaced with a combination of gas, uranium and renewable energy 
based infrastructure. More than 70% of Australia’s electricity is currently produced from coal 
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and it makes up a good 40% of the primary fuel consumption, slightly edging out oil at 34% 
and gas at around 22% (ABARE 2014, p.11). 
A good portion of petroleum production and exploration relies on results from core analysis 
of some kind. Core analysis results can be obtained quite easily from a conventional rock 
core. This type of analysis will reveal properties such as the grain density, absolute 
permeability and porosity. Other, more laborious experiments can be performed on plugs in 
order to obtain their mineralogy or their relative permeability and wettability during 
multiphase flow. Most conventional reservoirs are analysed using some or all of the methods 
outlined above (Tiab & Donaldson 2010, p. 85). 
Detailed analysis of both petrophysical and flow properties are essential for the assessment 
and procurement of hydrocarbon reserves. These properties are highly dependent on the 3D 
geometric and spatial arrangement of the pores in the rock matrix. For coal and shale 
samples, the interconnectivity and storage capacity is far less understood and is often more 
intricate than in carbonate or sandstone reservoirs. Analysis of these unconventional 
reservoirs demands an integration of many measurement techniques spanning a vast range of 
length scales (Sok et. al 2007). 
Motion of a fluid (liquid or gas) in a petroleum reservoir is governed by the conservation of 
mass, momentum and energy. Darcy’s law predicts a linear relationship between the fluid 
velocity and the pressure gradient. This law assumes that mass fluctuations due to dispersion 
and diffusion are so small they are considered to be negligible and that there is no interaction 
between fluid and rock matrix allowing fluid to permeate the solid reservoir grain boundary 
(Chen, Huan & Ma 2004). 
Almost all reservoir scenarios and simulations involve the simultaneous flow of two or more 
fluids. In the case of coal bed methane the two fluids are methane and water. The two phases 
are immiscible due to their differing polarity (water is polar while hydrocarbons are non-
polar). The solid surfaces will prefer to be in contact with one fluid over the other, and for 
coal bed methane, the wetting phase is water. The other phase (methane) is termed the non-
wetting phase. 
This thesis deals with the preparation, imaging and analysis of coal core samples, principally 
using the X-ray microtomography (µ-CT) facility at The Australian National University. 
The second chapter of this thesis will introduce the background required to understand the 
contents of the subsequent chapters. It will provide an overview of the geology and chemistry 
of coal and its various depositional basins around Australia. This chapter will also discuss 
sample preparation for µ-CT analysis and briefly touch on flow through conventional 
reservoirs and a networked coal matrix. 
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The third chapter will discuss MANGO analysis and interpretation of three coal samples. 
This chapter will go into detail about filters used and the mathematics behind the 
interpretation of the results. 3D mineralogy and computationally determined porosity will be 
discussed at this point. This chapter will introduce the physical concepts required to 
understand the X-ray CT machine. It will also discuss the unique benefits of X-ray CT 
analysis of coal along with the importance of the results obtained. This section will also 
discuss the benefits of the use of the current embedding techniques and will involve the 
mercury injection capillary pressure (MICP) and the helium porosimetry (HeP) analysis. 
These techniques, when combined with CT analysis can be a very effective way of measuring 
the porosity of less permeable coal reservoirs where mercury is too viscous to enter the 
matrix.  
The fourth chapter will discuss high resolution scanning electron microscopy (SEM) and 
quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) analysis 
of some coal planes from the imaged samples. This section will also touch on how the coal 
samples were prepared and why it is important to use a multi-stage injection technique on a 
coal surface. More detailed analysis of surface preparation techniques and mineralogy will be 
discussed in this chapter. 
The fifth chapter will discuss experiments involving resins and staining of resin samples for 
coal embedding. It will also explore attenuation fluids, surface preparation and other sample 
preparation techniques. It will primarily be focussed on the results obtained through CT and 
SEM analysis of coal samples and the limitations of some resin types. 
The sixth chapter will briefly bring together all computational and experimental findings and 
conclusions for the previous chapters. This will be followed by the bibliography. 
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Chapter 2 Coal and some basic petro-physical definitions 
 
2.1 Definitions 
This chapter will briefly describe some of the background and terminology that is required to 
understand this thesis. 
 Wettability 
Wettability is the term used to describe the relative adhesion of a fluid to either another 
immiscible fluid or a solid substrate. For most cases in petroleum engineering the fluids in 
question are oil and water (or brine), and as such the wettability of a mineral substrate can be 
quantified by the contact angle of an oil droplet in water. If the oil droplet partially spreads on 
contact with the substrate so that its contact angle through the oil phase is considerably less 
than 90
o
, the substrate is classified as oil-wetting or oleophilic. If the contact angle is 
considerably greater than 90
o
 then the substrate is termed water-wetting or hydrophilic. An 
angle around 90
o
 indicates that the substrate has no clear preference for either water or oil, 
and is described as neutral-wet or intermediate-wet. 
It is generally not possible to accurately define the wettability of complex porous medium by 
a single value (e.g. of contact angle). Surface chemical heterogeneity and roughness will 
result in variations in spreading behaviour throughout the medium, further complicated by 
hysteresis effects. However, an average wettability of a particular porous medium can often 
be identified to provide an overall indication of its oil/water affinity. Wettability is also 
relevant to gas/water systems to describe the relative preference of solid surfaces to contact 
the non-polar gas phase or the polar water phase. 
 
Figure 2.01: Classes of wettability and their contact angles, measured through an oil droplet (shaded) 
surrounded by water.  
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Porosity 
Rock grains that make up petroleum reservoirs almost never fit together perfectly or tessellate 
due to their high degree of irregularity in shape. The voids or pores remaining in the packing 
of grains and other solid components define the complex space in which the liquids and gases 
are located and through which their extraction takes place. 
The porosity of a porous medium, e.g. a reservoir rock, is defined as the fraction of its bulk 
volume that is not occupied by the solid framework of rock or matrix (Tiab & Donaldson, p. 
86). It is thus given by: 
ø =  
𝑉𝑏−𝑉𝑔𝑟
𝑉𝑏
=  
𝑉𝑝
𝑉𝑏
 
where 
ø = porosity, represented as a fraction 
𝑉𝑏 = bulk volume of the reservoir rock 
𝑉𝑔𝑟 = grain volume 
𝑉𝑝 = pore volume 
The porosity of naturally occurring sedimentary rocks is very rarely above 50%. The porosity 
of conventional sandstone and carbonate petroleum reservoirs often ranges between 5% and 
40%, and most frequently lies between 10% and 20%. Porosity is affected by a large number 
of lithological factors, including the heterogeneity of grain sizes and shapes, their packing 
and cementation, and the hydration and composition of clays present.  
While overall porosity is an important consideration as to the amount of oil and gas that is 
stored in a particular reservoir, it is not a good indication of how much of the resource is 
accessible. During sedimentation, liquefaction and diagenesis, some of the initially developed 
pore space may be destroyed through cementation, compaction and chemical transformation. 
These processes can result in the isolation of some pores and resource pockets. This leads to 
two different definitions of porosity, effective and absolute. Effective porosity accounts for 
the connected pore space available (void of water, clays and minerals) whereas absolute 
porosity is simply a measure of the total pore space, irrespective of connectivity. This 
distinction must be taken into account when considering experimental methods to measure 
porosity. 
The pore space present in coals and shales is very different to that expected in conventional 
reservoirs (Thomas 2013, p. 305). In the former cases the pores are often quite small and 
poorly connected, as shown in Figure 2.02 below. 
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Figure 2.02: Slice of a segmented X-ray micro-tomogram of a sandstone sample from Scotland (a) 
and a coal sample from Australia (b). Pores correspond to the darker regions, with darker shades 
being more porous. 
 Permeability 
In addition to being sufficiently porous, a reservoir rock must have the ability to allow 
petroleum fluids to flow through its pores. The latter ability can be quantified by the absolute 
permeability of the rock. Henry Darcy developed a simple equation describing the rate of 
flow of a fluid through a porous medium: 
𝑣 =
𝑞
𝐴𝑐
=  −
𝑘
µ
𝑑𝑝
𝑑𝑙
 
where 
𝑣 = fluid velocity (m/s) 
𝑞 = fluid flow rate (cm3/s) 
𝐴𝑐 = cross-sectional area of the core (cm
2
) 
𝑘 = absolute permeability of the porous rock (D, µm2) 
 = fluid viscosity (kg/ms) 
dp/dl = pressure gradient along the core (kPa/cm). 
 
The permeability of a reservoir rock is affected by the same parameters that determine its 
porosity, namely grain size and shape distributions, cementation, presence of clays, etc. A 
permeability of one Darcy (1 D) or above is relatively high; most petroleum reservoirs have a 
permeability below this and are represented on the milli-Darcy (mD) scale. For coal and shale 
reservoirs, permeabilities in the order of a fraction of a mD are common and are very 
dependent on the material composition of the coal being analysed. The matrix porosity is so 
b a 
7 
 
fine that the permeability is mainly due to the fracture networks present either through or in 
between the depositional layers of rock (Tiab & Donaldson 2012, p. 159,160,164). The face 
cleats that run along the bedding planes act as a means to connect the areas of porosity along 
the same level, while the butt cleats that run perpendicular to the seam serve as a connection 
pathway between the face cleats. The face and butt cleats are important as they ultimately 
serve as connection pathways to the well for recovery. Depositional layers that serve as 
vertical permeability must be artificially stimulated or fractured to allow flow. The presence 
of existing butt cleats makes this much easier. 
The relationship between the porosity and the logarithm of permeability is usually a linear 
one for sandstone reservoirs due to the grain packing. This is not the case for coal and shale 
reservoirs, where fracturing both parallel and perpendicular to the bedding plane is the 
primary source of fluid and gas flow through the matrix (Thomas p. 306,307,313). 
Natural reservoirs do not conform to any simple geometric shapes. The two most practical 
approaches to model them are the linear flow system and the radial flow system. In the linear 
flow system we can assume laminar flow where the hydrocarbon particles flow parallel with 
the fracture. Radial flow often concerns flows around blockages in fracture networks or flow 
around mineralised cleats and may be more turbulent in nature. Shale rocks can be less so, as 
a coal matrix will often include fracture networks, however shale samples often do not 
include these cleats due to their method of formation. Clay contained within the shale and 
coal reservoir matrix will often lead to a reduced overall porosity and permeability (Thomas 
2013, p. 97-100).  
 
2.2 Gas storage in coal 
The most common alkanes that are found in petro-physical reservoirs include linear-chained 
methane, ethane, propane, butane, pentane and their isomers. Cyclical compounds include 
cyclopentanes and hexanes, benzene rings, toluene, naphthalene and phenanthrene. Much 
longer hydrocarbon compounds are also found. These are separated out by their higher 
boiling point during the distilling process and sold as mineral oils, tar and bitumen. 
Bituminous coals contain a number of gases including methane, carbon dioxide, carbon 
monoxide, ethane, hydrogen sulphide and nitrogen. The amount of gas that is contained by a 
particular coal is very dependent on temperature, pressure, structure and the rank of the coal. 
The gases found in coal are unlike those in conventional reservoirs. In a sandstone or 
limestone reservoir, the methane exists in a compressed state, with its density depending on 
the conditions of the reservoir. In coal reservoirs the methane, along with other gases, lines 
the surfaces as a layer one atom thick. There are a number of methods which are used to 
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produce methane from wells, the most common of which is pressure depletion. The pressure 
within the coal seam is reduced until the critical depletion pressure is reached. It is at this 
pressure that the methane molecules are desorbed from the coal matrix for production at the 
well head. (Thomas 2013, p. 313-315). 
The process by which plant material is chemically and physically changed to peat, followed 
by lignite and higher rank coals, is referred to as coalification (see Fig. 2.03). The major 
products of the coalification process are the gases mentioned above, along with water. 
Methane in coal is generated during two particular steps of the coalification process. The first 
is a biogenic process where organic material decomposes at temperatures below 50
o
C. This 
particular methane is referred to as biogenic methane and forms in reducing conditions where 
both oxygen and sulphates are removed. It is more common in shallow gas reservoirs. 
 
Figure 2.03: The process of coalification. Adapted from ABARE. 
The second source of methane is as a by-product from the ongoing coalification process. It is 
produced at various stages and ranks, with the methane generation peak occurring at the 
medium volatile bituminous-low volatile bituminous boundary, around 150
o
C (ABARE 
2014, p. 134, Thomas). 
Methane, carbon dioxide, nitrogen and other gases are stored in coals in three different ways. 
The most common way is as an adsorbed layer in both the fracture networks and on the coal 
matrix. They can be stored as a free gas within larger pore spaces or fractures of the matrix. 
Lastly, the gas can be stored as dissolved molecules within the groundwater associated with 
the coal. After the well is drilled extraction can begin. A sufficient amount of water needs to 
be drained before gas can be produced in significant amounts. The long term production 
curve of US wells look like gradual asymptotes. 
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2.3 Coal composition and coalification 
About 3% of the world’s surface area is covered with peat or coal, totalling over 3000 billion 
square metres (World Energy Council 2013). This includes a good 200 billion square metres 
that is present in the Asia Pacific region. Coal deposits have been formed throughout the 
geological column, some of which date back as far as the carboniferous period.  
The coals from Australia mainly originated from either the Permian (around 300 to 250 
million years ago) or Tertiary (65 million to 2 million years ago) period. These correspond to 
the black coal (Permian) and the large brown coal (Tertiary) deposits. The brown coals 
located in the Australian state of Victoria mainly originated in the Tertiary period, whereas 
the resource-rich bituminous seams in north eastern Australia are from the Permian and 
Mesozoic (250 million to 65 million years ago) ages (Thomas p. 83-84).  
The process of coalification is a multiple step process. During which, the initial organic 
material undergoes chemical and physical changes to form peat, followed by lignite, 
subbituminous, bituminous, semi-anthracite, anthracite and finally meta-anthracite coal.  
Rank stages 
% Carbon 
(dry, ash free) 
% Volatile 
matter (d.a.f.) 
Gross CV 
(MJ/kg) 
% In-situ 
moisture 
Wood 50 >65 11.7 - 
Peat 60 >60 14.7 75 
Brown coal 71 52 23.0 30 
Subbituminous 
coal 
80 40 33.5 5 
High volatile 
bituminous coal 
86 31 35.6 3 
Medium volatile 
bituminous coal 
90 22 36.0 <1 
Low volatile 
bituminous coal 
91 14 36.4 1 
Semi-anthracite 92 8 36.0 1 
Anthracite 95 2 35.2 2 
Table 2.01: Chemical composition of coal at various ranks (Thomas 2013, p. 109). 
Table 2.01 outlines the composition of coals of particular ranks. The concentration of carbon 
increases with its rank. In order for these coal seams to form over time, the environments the 
peat is deposited in must be anoxic, i.e. there must be no oxygen present. 
The rank of a particular piece of coal is determined by measuring its maximum light 
reflectance. The factors that are most commonly referred to in the literature that seem to 
affect vitrinite reflectance (surface light reflectance) are the type of organic matter, the 
minerals present in the coal matrix and the depositional environment of the coal and the 
overlying strata (ed. Leonard 1979, p. 1-17, 1-18, O’Brien et al. 2011). 
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Table 2.02 outlines the dominant processes and physiochemical changes that happen at each 
stage in order to produce an increase in rank. 
Coalification stage 
Approximate rank 
range 
Predominant 
processes 
Predominant 
physio-chemical 
changes 
1. Peatification Peat 
Concentration of 
resistant substances 
and residual organic 
matter 
Formation of 
substances, increase 
in presence of 
aromatic functional 
groups 
2. Dehydration 
Lignite to 
subbituminous 
Dehydration, 
compaction loss of 
O- bearing groups. 
Expulsion of COOH, 
CO2 and H2O 
Decreased moisture 
contents and O/C 
ratio, increased 
heating value, cleat 
growth 
3. Bituminisation 
Upper subbituminous 
A to high volatile A 
bituminous 
Generation and 
entrapment of 
hydrocarbons, 
depolymerisation of 
matrix, increased 
hydrogen bonding 
Increased light 
reflectance, increased 
fluorescence, 
decrease in density 
and increased 
strength 
4. Debituminisation 
Uppermost high 
volatile A to low 
volatile bituminous 
Cracking, expulsion 
of low molecular 
weight hydrocarbons, 
especially methane 
Decreased surface 
fluorescence, 
decreased molecular 
weight of extract, 
decreased H/C ratio, 
decreased strength, 
cleat growth 
5. Graphitisation 
Semi-anthracite to 
anthracite to meta-
anthracite 
Coalescence and 
ordering of pre-
graphitic aromatic 
layers, loss of 
hydrogen 
Decrease in H/C 
ratio, anisotropy, 
strength ring 
condensation and 
cleat healing 
Table 2.02: The stages of coalification and the chemical changes associated with those stages 
(Thomas 2013, p. 106). 
Increased depth of burial will result in an increase in temperature along with a decrease in the 
oxygen content of the coals. This will result in increase in the ratio of the fixed 
carbon/volatile matter. Hilt’s Law states that, in a vertical sequence, at any one locality in a 
coalfield, the rank of coal seams rises with increasing depth (superposition theory). A higher 
thermal gradient usually results in higher rank coals closer to the surface. As the rank 
increases, the amount of methane that is adsorbed on the surface of the coal also tends to 
increase. However, when the rank changes from anthracite to graphite, there is a loss in the 
amount of adsorbed methane. This may be due to the physio-chemical changes that occur at 
that stage or the loss of hydrogen (Thomas 2013, p. 103,106,107). 
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 2.4 Coal macerals 
Coal is comprised of various organic materials that are referred to as macerals. These 
particular features can be found in all ranks of coal. Macerals are essentially divided into 
three groups depending on the organic material that they are comprised of. The first group is 
the vitrinite macerals, formed due to the deposition and chemical decomposition of woody 
materials. The second group is the exinite macerals, formed by the chemical decomposition 
of stems, waxes and other plane material. The third group is the inertinite group, formed by 
the chemical decomposition of plant material. Coals are usually comprised of a single 
maceral, but based on the environment at the time of decomposition, they can compromise of 
several (Thomas 2013, p. 90-94). 
Table 2.03 shows the maceral groups that have been identified in hard coals and their organic 
origins. Throughout this thesis, the features of the coal sample will be referred to by their 
maceral group. 
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Maceral Group Maceral Morphology Origin 
Vitrinite Telinite Cellular Structure 
Cell walls of trunks, 
branches, roots, 
leaves 
 Collinite Structureless 
Reprecipitation of 
dissolved organic 
matter in a gel form 
 Vitrodetrinite Fragments of vitrinite 
Very early 
degradation of plant 
and humic peat 
particles 
 Sporinite Fossil forms 
Megaspores and 
microspores 
 Cutinite 
Bands which may 
have appendages 
Cuticles – the outer 
layer of leaves, 
shoots and thin stems 
Exinite Resinite 
Cell filling layers or 
dispersed 
Plant resins, waxes 
and other 
 Alginite Fossil forms Algae 
 Liptodetrinite Fragments of exinite Degradation residues 
 Fusinite 
Empty or mineral 
filled cellular 
structure; cell 
structure usually well 
preserved 
Oxidised plant 
material, mostly from 
burning vegetation 
 Semifusinite Cellular structure 
Partly oxidised plant 
material 
 Macrinite Amorphous cement Oxidised gel material 
Inertinite Inertodetrinite 
Small patches of 
fusinite, semi-fusinite 
or macrinite 
Redeposited 
inertinites 
 Micrinite 
Granular, rounded 
grains ~1 micron in 
diameter 
Degradation of 
macerals during 
coalification 
 Sclerotinite Fossil forms 
Mainly fungal 
remains 
Table 2.03: The origins of various macerals and their organic composition. 
Vitrinite is also referred to as huminite and exinite is also referred to as liptinite in coal 
journals and papers. There are also macerals groups that are specific to brown coals only. 
These macerals consist of textinite, ulminite, attrinite, densinite, gelinite and corpohumite. 
They are primarily the products of wood tissue, bark and tannin. The samples studied in this 
thesis will primarily be black coals. 
Minerals are also present throughout the coal core matrix. Minerals in coal are considered to 
be everything that is not combustible. They can occur as discrete grains or flakes in several 
different physical arrangements. The possibilities include tiny inclusions within macerals, 
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layers with fine grained minerals in between, spherical nodules in the coal matrix (organic 
matter), or as cleat, void or fracture fillings.  
The bedding planes in coal can vary even within the same seam. Sometimes a core sample 
may appear to have several layers to it. These layers would correspond to different maceral 
types, meaning that the layers were deposited one on top of the other in a time when the 
environments were different. For example, one layer may have been due to the presence of 
woodlands, while the next was due to a swamp. The bedding planes in coal geology are 
important as the edge of a coal seam represents a divide in mechanical behaviour between the 
seam and a granite or shale. This difference in features and structure also lead to different 
mechanical properties in the layers of a coal seam. 
 
 2.5 Mineral elemental composition 
Different layers of the coal seam can vary significantly in rank as well as their specific 
mineral components. The types of minerals present depend on the physical and chemical 
conditions under which they were deposited. Detrital minerals are those that were deposited 
during sedimentation, while diagenetic minerals were those that were transported as ions and 
deposited by water in fractures of the rock matrix. 
Table 2.04 shows some of the more common minerals present in coal including siderite, 
ankerite, dolomite, quartz and calcite, while the more common clays include kaolinite and 
illite (Thomas 2013, p. 97-100). Other minerals and clays exist in coal, but are somewhat 
rarer. The minerals are important as they are usually formed or precipitated in cleats, which 
detract from the extraction potential of the coal by blocking major pathways. 
 
Mineral/Clay 
Density 
(g/cm
3
) 
Attenuation at 
80keV (cm
-1
) 
Chemical formula 
Siderite 3.96 1.48 FeCO3 
Ankerite 3.01 0.86 CaFe0.6Mg0.3Mn0.1(CO3)2 
Dolomite 2.85 0.61 CaMg(CO3)2 
Illite 2.75 0.83 (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] 
Calcite 2.71 0.67 CaCO3 
Chlorite 2.65 0.92 (Mg,Fe++)5Al(Si3Al)O10(OH)8 
Quartz 2.63 0.51 SiO2 
Kaolinite 2.60 0.49 Al2Si2O5(OH)4 
Figure 2.07: Some of the more common minerals found in coal. The attenuation value is a rough 
indication of the electron density, which is loosely proportional to attenuation. 
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2.6 Conclusion 
Coal is playing an increasingly important role in the worlds energy supply, not only directly 
but also indirectly through the use of trapped methane and other gases. It is a complicated 
geological material and multiple factors such as depth, heat, pressure and other geochemical 
processes have significant influence on the structure and composition of the coal. A good 
understanding of the material presented in this chapter will make it easier to understand the 
content of the following chapters of the thesis. 
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Chapter 3 X-ray micro-computed tomography 
  
3.1 Introduction 
This chapter describes technique developments that were required to characterise and 
quantify the pore space, fracture networks and mineralogy in coal reservoir samples, and the 
results of these analyses. A technique known as X-ray micro-computed tomography (micro-
CT) was used to produce a digitally mapped version of the rock matrix. Once the 
tomographic data set is produced it can be analysed using image analysis tools, especially 
segmentation. 
Since their discovery in 1895 by the German physicist Wilhelm Rontgen, X-rays have been 
used in the fields of medicine and engineering. It was not until the connection between X-
rays and geological materials was established in the 1960s that the value of their use in this 
particular field was fully realised, so that investigations involving the static properties of 
rocks could be conducted. In 1966, X-rays were used to measure the dynamic properties of 
rocks by injecting an X-ray opaque fluid into the rock structures and analysing the images 
over time. Computers are now used to reconstruct the three-dimensional (3D) image 
(tomogram) from the series of two-dimensional (2D) projections (radiographs), and have 
resulted in enormous advances in analytical power. 
Tomography is a technique which produces a 3D data set, called a tomogram, from a series of 
2D projections. A tomogram shows the variation in X-ray attenuation throughout the scanned 
sample. The 3D image is made up of individual volume units referred to as voxels. Each of 
these elements contains a greyscale value associated with the attenuation of the specimen at 
this location. A group at the Department of Applied Mathematics at the Australian National 
University (ANU) have developed a facility that can acquire 3D images of objects that may 
be no bigger than one or two millimetres across. The facility is capable of representing these 
images within a 2048x2048xH voxel cube. The stage, scanning parameters along with the 
sample core size are the three factors that determine the height and voxel size in the image. 
The lowest achievable voxel size is around 2 microns. All of the samples in this thesis were 
imaged at the ANU micro-CT facility, located at the Research School of Physics and 
Engineering in Canberra. 
With the energy industry starting to deal with more complicated and less well understood 
fields, X-ray-based analysis techniques are becoming more commonplace and invaluable. 
The ideal situation would involve a predictive model that accurately shows the rate of 
production throughout the entire life of a particular reservoir. Obviously it will be quite some 
time before analysis has reached this stage as reservoirs are dynamic systems whose spatial 
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arrangements are based on millions of years of geological processes. Digital core analysis via 
tomography is a discipline that uses computer based techniques in order to acquire and 
extract information from reservoir rock samples, helping to remove some of the uncertainty at 
this scale. The facility at the ANU allows the users to scan objects and have a reconstructed 
digital image produced at a computer terminal for analysis. 
 
 
Figure 3.01: The ANU 1 micro-CT machine. To the left of the image is the source and the detector is 
on the right. The sample stage is directly in front of the source. This machine is only capable of 
producing circular tomograms as the stage that the sample is located on cannot move in a vertical 
direction. This machine was primarily used in this thesis to obtain radiographs and perform resin 
analysis scans.  
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Figure 3.02: The Digital Core (DC) 2 machine. The detector is to the left with the source on the right.  
This machine is capable of performing helical scans as the sample stage can move vertically. This 
machine was used in this thesis to obtain series of 2D projections to construct 3D tomograms. 
Micro-CT has been used extensively to image small samples of porous media and geological 
materials at high resolution (Sakellariou et al. 2004). The technique itself is non-invasive and 
can be used to quantitatively analyse the interior of a porous sample in great detail. Its main 
advantage when compared to many other imaging techniques at a similar scale is that it can 
provide data and computer generated images in true 3D form. Micro-CT has advantages over 
magnetic resonance imaging (MRI) in geological samples as it offers higher resolution and 
does not rely on the presence of water. This allows a core to be imaged in both a dry and wet 
state, which provides added insight into the arrangement of the pores and solids within the 
sample. Each voxel in the reconstructed tomogram will have a 16bit greyscale value applied 
to it. 
Each micro-CT scanner at the ANU facility contains an X-ray source which generates 
Bremsstrahlung radiation (electromagnetic radiation that is produced by the deceleration of 
one charged particle by another) with an accelerating voltage in the range of 80-120 kV. The 
X-ray beam is cone-shaped, emanating from a tungsten target in the source. The specimen to 
be analysed is placed on a rotation stage that can be rotated in milli-degree increments. A 
series of radiographs is captured as the sample rotates. Each new capture is performed after 
the sample has rotated a fixed amount, typically 0.125
o
. In order to generate a full data set, 
the sample will thus rotate through 2880 positions. Larger rotation steps will yield tomograms 
of a lower image quality. The radiographs themselves are 2D projections of the sample The 
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X-ray detector converts X-rays into photons through the use of a scintillator (a material that 
becomes luminescent when excited by ionizing radiation). The photons are then guided by 
fibre optic cable onto a flat panel detector. Each of these received detector values is converted 
into the equivalent greyscale value. Filters can be applied to the system to remove low energy 
X-rays to minimise beam hardening; the type of filter is chosen based on the sample size and 
composition. For the experiments presented here, these filters will typically be thin 
aluminium plates.  
 
3.2 Image acquisition 
The signal/noise of the radiographs is dependent on the X-ray flux captured at the camera. 
The use of longer camera lengths (distance between the source and detector) enhances 
magnification, but at lower flux, thus necessitating longer exposure and acquisition times to 
preserve signal/noise. The filtering out of cosmic and incident rays along with camera 
distortions through a pre-processing step allows for clearer image acquisition. The capture of 
background images with no sample in place are referred to as clear fields, and are used to 
measure the attenuation of the material at each point on the detector. All acquired images are 
then sent to be reconstructed in a stepwise fashion to produce the 3D tomogram using the 
local supercomputing facilities.  
 Image processing and background 
Rock or coal samples typically comprise a heterogeneous mix of pore space and various solid 
materials, either organics or minerals. Each of these components has a characteristic density 
and thus X-ray attenuation, e.g., air is less attenuating than organics and in turn minerals. 
These different components of a tomogram can be referred to as phases. The image post-
processing procedure known as segmentation involves determining the boundaries between 
these different phases and identifying which feature belongs to which phase.  
Image analysis can begin once the tomogram has been obtained and has been reconstructed. 
The software package used for image analysis is called Mango and is capable of 
distinguishing features in the image using the beta particle adsorption values from the image 
analysis. Different types of software filters can be applied to the image in order to improve 
image sharpness and analysis efficiency. For instance, a subset can be taken in order to make 
the image processing less computationally intensive. Minerals and features can be segmented 
out in different phases and network maps can be generated. For the samples in this thesis they 
were scanned in both dry and wet (CsI injection) states. 
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For the samples analysed in this thesis, typical image processing steps involve masking the 
data around the outside of the sample. This is followed by mineral image segmentation of the 
dry scanned core. The samples were then saturated and imaged in a saturated state. The wet 
and dry images were then registered and subtracted from one another to give an indication of 
fluid access and as a result of this, the computational porosity. The results of these 
calculations can be used to calculate more difficult network statistics such as pore size, 
fracture network size and position as well as porosity profiles. 
A few methods were used to calculate the porosity of these samples. Computationally based 
and laboratory based techniques were used to complement one another and assess the 
difference of the porosity at different areas of the sample. Image analysis of a wet and dry 
core sample was used to determine the porosity of a particular plug. A combination of helium 
and mercury analysis was used to assess the porosity of a sister plug (different plug) from the 
same coal sample. 
 
3.3 Helium and mercury analysis 
Density of coal samples can be determined by use of a helium pycnometer; a Micromeritics 
Accupyc 1330 was used in the experiments of this thesis. The helium weight of the void 
space is measured through a series of gas injection, equalisation and evacuation steps. The 
density that is obtained through this method is considered as the true density since helium 
penetrates into almost all the pores due to its small molecular size (Gurdal 2000, Phillip 
1988). The molecular diameter of helium (He(g)) is 0.186 nm (Rodriguez 2002) and it is 
estimated that He(g) can penetrate into pores as small as 0.42 nm in diameter at room 
temperature. Pores at this size would not be accessible to methane, which is spherical in 
shape and has a diameter of 0.217 nm (Phillip 1988). It is suspected that He penetrates 
rapidly into pores and does not appear to structurally alter the coal matrix at pressures of 
3.4MPa (Phillip 1988). Due to its small molecular diameter and the absence of reaction with 
coal, helium is considered to be the only gas that gives a precise measurement of the void 
volume (Rodriguez 2002).  
Helium pycnometry very accurately measures the volume of the entirety of the void space in 
the sample chamber, inside and outside the sample, from which the solid volume of the 
sample is obtained by subtraction and its density is calculated. A complimentary technique is 
necessary to quantify the volume of pore space within the sample. The most common such 
technique is mercury injection capillary pressure (MICP); a Micromeritics Autopore IV 
porosimeter was used in the experiments of this thesis. Mercury penetration into a coal 
sample is measured as a function of increasing applied pressure, which, in turn is related to 
the diameter of the intruded pore throat according to the Young-Laplace equation: 
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𝑃𝑐 =  −
2𝛾
𝑟
𝑐𝑜𝑠 𝜙  
 
Here Pc = Capillary Pressure, which is the applied pressure difference across the mercury-air 
interface, γ = the interfacial tension (0.485 N/m), ø is the contact angle between coal and 
mercury (140
o
), and r is the radius of the pore throat (Gurdal 2000). 
 
 The pressure at which mercury initially enters the sample is called the entry pressure. 
Mercury is a non-wetting fluid and so the pressure must be built up before it displaces the 
wetting phase. An appropriate maximum pressure has to be chosen for experiments 
conducted on these coal cores.  In experiments conducted in (Phillip 1988), mercury was 
injected at pressures up to 28.8 MPa, in order to force it into coal pore throats that were 50 
nm across. The volume of mercury forced into pores between a pressure of 0.41 and 28.8 
MPa was taken as the macropore (3500 nm to 50 nm) volume. However, due to the 
compressibility of coal at high pressures (greater than 10 MPa), any further penetration of 
mercury into pores with a diameter less than 100 nm (pressure greater than 13 MPa (Frisen 
1997)) can lead to overestimation of transition pore and micropore volumes. Published 
graphs show that the cumulative mercury volume slows until it reaches 13 MPa and then 
speeds up beyond this (Zhang 2010). 
 
The mercury and helium techniques need to be combined with one another in order to 
measure the porosity of a sample. The process involves mathematically combining the helium 
and mercury pressures. The technique is very temperature dependant, with mercury weight 
being incorporated into the measurements. The temperature of the room that the results were 
conducted in had to be taken into account. The maximum pressure the samples were 
subjected to was 30000 psi or 200 MPa to ensure that the mercury had excellent access to the 
pores in the sample. Of course, at these pressures the coal sample is irreversibly crushed and 
the structure is deformed. Beyond around 25MPa (24.79 for 3 and 5, and 31 MPa for CSIRO 
1) of pressure there was no more access to pores for the mercury. Essentially, the first 
imbibition of the mercury was used to calculate the external volume of the core sample , 
while the helium section was used to calculate the internal volume and hence the total 
porosity through a subtraction of measured volumes. 
 
The five coal samples were sent from CSIRO in North Ryde. They were originally from the 
Vane coal measures in the Sydney Basin. CSIRO have already performed several other 
analysis techniques such as composition, petrology, proximate analysis and diffusivity. 
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Table 3.01 indicates the seams that the individual samples were from. 
Sample number Basin Coal Seam 
CSIRO 1 Sydney Arties 
CSIRO 2 Sydney Middle Liddell 
CSIRO 3 Sydney Lower Liddell 
CSIRO 4 Sydney Barrett 
CSIRO 5 Sydney Lower Hebden 
Table 3.01: Coal sample origins. 
 
3.4 Sample preparation and analyses 
The workflow used to prepare and analyse the coal samples is summarised in Figure 3.03. All 
coal samples were prepared using the same methodology. Firstly plugs were cored or cut 
using a Struers Accutom 50 Saw into a cylinder or a prism form from the received pieces in 
sample bags. Most of the cutting and coring steps were performed in water in order to 
minimise the risk of fracturing the samples. The diameter of the plugs was typically around 
10 mm, although for the CSIRO 3 sample it was 19 mm. The plugs were left to dry in an 
oven at 40
o
C for a few hours and then treated using 50W of water-vapour plasma generated 
by radio frequency radiation in a ~0.15 torr vacuum for 1 minute. Each plug was then 
scanned separately with micro-CT, after which it was saturated with a 1 M aqueous solution 
of caesium iodide and micro-CT scanned again in this wet state. Further details of the micro-
CT imaging parameters are given below. The highly X-ray attenuating CsI solution served to 
highlight fine pores and fractures that were difficult to resolve in the dry-state tomogram 
owing to the weak X-ray attenuation difference between coal matrix and air. The plasma pre-
treatment served to raise the surface energy of the coal surfaces by oxidation to decrease the 
contact angle of the salt solution and favour its ingress during saturation.  
Samples were mounted on steel or glass tubing an attached using shrink wrap, this allows for 
better access of the CsI during vacuum saturation. The saturation times varied for each 
sample, but samples were saturated for a minimum of four days under vacuum in a vacuum 
oven. The samples were placed on the mounting post and then attached to the mounting post 
using shrink wrap. They were then held upright in a desiccator or vacuum oven and subjected 
to a vacuum over a period of several days. Genuine aluminium sample holders were not able 
to be used due to the non-cylindrical geometry of the core samples.  
The dry-state and wet-state tomograms were post-processed and analysed using the MANGO 
software suite. For comparison of the pore space measures from image analysis of the 
22 
 
digitised plug with experimental techniques, a sister plug of the coal sample was prepared 
and analysed using helium pycnometry followed by mercury porosimetry.     
 
 
 
 
 
 
 
 
 
 
 
Figure 3.03: The workflow for analysis of the coal samples. 
Micro-CT parameters 
Originally, five coal samples were planned to be studied. However, CSIRO samples 2 and 4 
were found to be unfit for analysis due to their contamination by resin impregnation, which 
precluded their saturation with the CsI attenuating liquid. As a result, these two samples were 
only scanned in the dry state, which confirmed the presence of this resin in fractures, and will 
be omitted from this thesis. 
Table 3.06 outlines the parameters that were used to scan the three remaining plugs in the dry 
and wet states. All of these samples were scanned on the DC2 helical machine (Figure 3.02). 
The CSIRO 3 sample, of larger diameter, was scanned using a more attenuating filter and at 
higher voltage. 
 
 
 
 
 
Cut core from sample. 
Dry and clean core        
(with plasma treatment). 
Image core with micro-CT. 
Saturate core with 1 M 
cesium iodide solution. 
Image saturated (wet) core 
with micro-CT. 
Perform image processing 
and analysis. 
Cut and dry sister plug. 
Perform helium 
pycnometry. 
Perform mercury injection 
capillary pressure. 
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Sample Filter 
Voltage/
Current 
Scan 
Time 
(hours) 
Scan 
Type 
Voxel 
Size 
Plug 
CSIRO 1 
Dry 
0.5mm 
Aluminium 
100kV/ 
80µA 
18 
Double 
helix 
8.5µm 
10mm 
Prism 
CSIRO 1 
Wet 
0.5mm 
Aluminium 
100kV/ 
80µA 
18 
Double 
helix 
8.5µm 
10mm 
Prism 
CSIRO 3 
Dry 
0.5mm 
Aluminium 
+ 0.1mm 
Steel 
120kV/ 
110µA 
18.5 
Helical 
(Singular) 
13.8µm 
19mm 
Octagon
al 
Prism 
CSIRO 3 
Wet 
0.5mm 
Aluminium 
+ 0.1mm 
Steel 
120kV/ 
80µA 
14.5 
Double 
helix 
13.3µm 
19mm 
Octagon
al 
Prism 
CSIRO 5 
Dry 
0.5mm 
Aluminium 
100kV/ 
80µA 
17 
Double 
helix 
5.0µm 
10mm 
Cylinder 
CSIRO 5 
Wet 
0.5mm 
Aluminium 
100kV/ 
100µA 
18 
Double 
helix 
6.8µm 
10mm 
Cylinder 
Table 3.02: Scan time and basic parameters for the coal samples on the DC 2 machine.  
 
3.5 Results 
The registration algorithm in MANGO relies on finding features of the dry-state and wet-
state tomograms, for example minerals and fractures in coal, and then uses these features to 
check the alignment of the two tomograms. The best way to register coal samples is to start 
by taking a small subset containing a very distinct feature of both the wet and dry images and 
register these. The full tomograms could then be aligned using the parameters obtained from 
the registration of the subset. This method proved to be far less time-consuming than directly 
performing a registration of the full tomograms.  
If an artificially induced fracture were present it could potentially dominate the sample, often 
leading to disintegration (as several did during the coring and cutting stage in this project). 
However, some of the minor fractures around the outside of the sample will have been a 
product of the coring and cutting. The edges of the scanned plug were removed by masking 
prior to segmentation, to avoid overestimation of sample porosity. It should be noted that the 
samples have been oxidised upon removal and are not in a state that exactly represents in-situ 
conditions. 
The results of porosity analysis of the three coal samples, from MANGO image analysis of 
the dry-wet tomograms and from helium pycnometry and mercury porosimetry are presented 
and discussed below.  
24 
 
A typical set of registrations will involve two scans, one of a dry sample and another of a wet 
sample. The data around the scanned images that represents void space is then masked 
around the outside of the sample, so this is no longer considered a comparable value by the 
MANGO program and saves on computational hours and complexity. Several filters can then 
be added in order to remove artefacts and features in the image that are a result of scanning. 
These include filters such as ring removal along with beam artefact removal. 
The mineral phases can then be segmented from the dry sample and places into phases 
depending on what is present, a typical mineral segmentation may have four different mineral 
phases, coal and pore, clays, low attenuation minerals such as quartz and finally high phase 
very attenuating minerals. These minerals usually have a heavy element in them or are metal 
rich, siderite and pyrite are good examples. Images were often reduced in volume prior to 
segmentation to save on image processing requirements. 
The mineral segmentation (as with other segmentation steps) is a very fastidious process. The 
segmentations are often multi-step processes themselves, where threshold parameters are 
applied to areas between grain and coal matrix areas. Upper and lower count threshold values 
can be placed in the image analysis parameters that define where a particular type of mineral 
starts and finishes. Gradients between two neighbouring voxels can also be used to help 
define these features.  
The dry and wet images are then smoothed out and registered to one another. During this 
process the software finds distinguishing features in both samples and uses these to rotate one 
sample and check whether or not the new orientation matches with the features of the other 
sample. The differences in the images can be calculated after this registration is complete to 
give a different data file, highlighting areas where the images were different, this will 
typically be where the iodine fluid has gotten in through the sample.  
Further segmentation and analysis of these difference files will lead to an indication of the 
porosity of the sample. Pore network and connectivity analysis can then be performed on the 
segmentations in MANGO. This produces a data file with connectivity data outlining areas 
where the CsI has flowed through the sample can then be produced. This data can then be 
opened using Mayavi imaging software to give a three dimensional connectivity image with 
quantitative pore sizes. 
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CSIRO 1 
The images below show the results from image segmentation and analysis of the first coal sample, CSIRO 1. 
 
Figure 3.04(A-C): Dry, wet and different data file images. 
A B C 
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Figure 3.04(D-F): Images of the CSIRO 1 sample at various stages of segmentation analysis. The images show slice 959 along the X axis. Each scanned 
image represents 8.3mm x 19.7mm of scanned core. The image (A) at the top left shows a slice of the dry-state scan, right of that (B) is the CsI-saturated wet-
state scan. At the top right (C) is the difference between the wet and dry scans, which can be used to qualitatively highlight areas of porosity. The bottom left 
(D) image displays the inverse of this scan, in which the matrix and mineral phases appear bright while porosity is darker. The centre bottom image (E) is the 
segmentation of this that is used to calculate microporosity. At the bottom right (F) is the mineral segmentation of the dry coal image.  
D E F 
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The porosity and fracture dominated layers in Figure 3.04 (B,C,D,E) are tilted, indicating that 
the core sample was not cut perpendicularly to the bedding plane. The bedding layers in these 
images vary in both mineral intensity and microporosity, indicating that lower rank areas of 
porosity are well connected by the vertical or butt cleats of the more porous maceral types.  
Figure 3.05 shows areas of interest in the CSIRO 1 tomogram. The image shows the direction 
of the bedding plane along with the porosity dominated and fracture dominated layers. The 
change between porosity dominated and fracture dominated layers is a good sign that there 
are two different maceral types present. The brine in the saturated image highlights this 
difference very well. Areas of interest include the mineral filled fractures, porous macerals, 
impermeable macerals and cleats throughout the coal matrix. 
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Figure 3.05: The saturated CSIRO 1 image. The images show slice 959 along the X axis and covers 
8.3mm x 19.7mm of scanned core. 
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The connectivity maps shown in Figure 3.06 give a representation of the topology of the coal 
pore networks. The fractures in the images are fairly apparent, while the other areas of 
porosity are less so. The porosity itself is not particularly well connected, but with the 
addition of the butt cleats in the fractured bedding layers it can be seen that the accessibility 
to the porous macerals is much improved. None of the major connecting fractures that are 
present in the tomogram of this sample seem to be artificially induced. The fractured and 
irregular nature of the extremities of the plugs is well illustrated in the iodine gas saturation 
images later in this chapter. 
 
 
Figure 3.06A and 3.06B: The connectivity network of about 50 slices is shown on the left with a 
close-up on the right displaying the interconnected webbing of the coal porosity in a more porous 
layer. (A) represents 50 voxels (0.4mm) of core about the centre of the X axis in the scanned sample, 
X959. In these images the dots and spheres represent pores, and the lines connecting them represent 
the more prominent fractures and flow pathways. 
The overall porosity obtained from this tomogram image analysis was compared to the 
experimentally determined value from combining helium pycnometry (HeP) and mercury 
injection capillary pressure (MICP) of sister plugs from the same depth and location. Sister 
plugs had to be used as the micro-CT-scanned plug was subsequently impregnated with resin 
for microscopy analysis. Three replicates of the helium and mercury intrusions were 
B A 
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performed on this sample. The results are given in Table 3.03 and show excellent agreement 
for this sample. A relative difference in porosity of less than 10% was obtained between the 
segmented and experimental values. However, this agreement may be slightly fortuitous as 
the plugs are very variable, and their porosity can vary greatly due to the minerals and 
maceral types present. Higher vitrinitic reflectance due to digenetic processes tends to 
indicate a lower overall porosity due to cleat healing and pore compaction. The results of 
these analyses suggest that there are very few features in the seam that are too tight for water 
to enter, which gives some indication as to how easily gas can be produced from a matrix 
such as this one. 
MANGO porosity analysis along with HeP and MICP were conducted on samples one, three 
and five. As can be seen from Figure 3.06 above, the fracture networks connect the areas of 
porosity.  
 
Sample 
MICP/HeP 
porosity 
Segmented 
microporosity 
Segmented 
macroporosity 
Segmented 
total 
porosity 
Difference 
(Segmented 
/ MICP) 
CSIRO 1 5.75% 4.68% 0.89% 5.57% 3% 
Table 3.03: Porosity results for the CSIRO 1 sample. 
 
 
Figure 3.07: A close-up of mineral phases present in a section of the CSIRO 1 sample. The size of 
this subset is 3.3mm by 3mm. 
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Figure 3.07 displays a close-up of the segmented mineral phases from a tomogram slice of 
this first sample. According to the mineral analysis data (covered in Chapter 4) the dominant 
minerals in this sample are chlorite, quartz and kaolinite. Based on their X-ray attenuations 
(see Section 2.5), chlorite is the most attenuating of these minerals and is shown as white  
(Figure 3.10). The quartz and kaolinite have a very similar attenuation values and as a result 
are shown as a light grey, while the coal matrix and porosity are shown as black. Any clays 
that have associated microporosity may have their actual attenuation values lowered, 
affecting the measured value. This particular image shows that the infill of the most 
prominent mineralised cleat is by chlorite, surrounded by what appears to be kaolinite. It 
appears that the quartz and chlorite in this image have built up in the fractures during 
diagenesis. The kaolinite clay has moved in to fill the water around these minerals either 
during or after deposition. The table below shows the mineral composition of the dry-state 
tomogram, as inferred from segmentation using a filter that counted the voxels in the 
tomogram. 
 
Phase, Colour Material Volume (%) Number of voxels 
Phase 0, Black Coal and pore 98.61 1548092893 
Phase 1, Grey Quartz and kaolinite 0.99 15605641 
Phase 2, White Chlorite 0.40 6260220 
Table 3.04: Voxel counts and volume percentages of minerals in the whole CSIRO 1 sample. 
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CSIRO 3 
The images below are from the second coal sample to be fully analysed, CSIRO 3. 
 
Figure 3.08: The central Y slice, Y923 of the CSIRO 3 sample. Each image is 14.2mm x 
47.4mm.The top left (A) shows the dry-state then the wet-state (B) and the inverse image (C). 
The bottom left (D) shows the difference between the wet and the dry slices then the 
microporosity image (E) and finally at the bottom right (F) is the mineral segmentation of the 
dry image. The plug was cut more perpendicularly to the bedding plane than for the CSIRO 1 
sample, as is apparent from the horizontal laminations in Figure 3.07.  
A B C 
D E F 
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The sample is seen to comprise of distinctly different bands, observable as the cloud-like 
contrast changes through the matrix. The dry image highlights the mineral features and higher 
density organic bands, while the wet image highlights bands with more prominent porosity 
and fracture accessibility. A few bands are fracture dominated and either consist of a different 
organic material or are of a different maceral type. The porous bands in the image are of a 
more porous maceral type (possibly inertinite), but are well connected vertically by the 
fractures in the higher rank coal. There is likely to be more microporosity associated with 
both the high rank fractures and in the porous bands.  
 
 
Figure 3.09A and 3.09B: Connectivity network of the CSIRO 3 sample. (A) is 14.2mm x 47.4mm in 
size and 50 voxels (0.7mm) deep. 
The connectivity maps for CSIRO 3, for which representative views are given in Figure 3.09, 
show similar features as for CSIRO 1. The distinct banding is again apparent, where highly 
porous bands are joined to each other through the vertically oriented butt cleats. Both the 
CSIRO 1 and 3 samples exhibit connected areas of porosity in the more porous maceral 
types, indicating the primary methane storage areas in the coal. Some very prominent mineral 
B A 
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bands are present in the CSIRO 3 sample and likely correspond to geological activity on the 
surface during the Tertiary Period.  
 
Sample 
MICP/HeP 
porosity 
Segmented 
microporosity 
Segmented 
macroporosity 
Segmented 
total 
porosity 
Difference 
Segmented 
/ MICP) 
CSIRO 3 3.52% 8.57% 1.73% 10.30% 292.6% 
Table 3.05: Porosity results for the CSIRO 3 sample. 
There is a large difference in the porosity of the two samples. The one explanation is that the 
sister plug may not have had the same fracture network accessibility as the cored sample. 
Another is that the microporosity may be overestimated in the segmented image. The core 
sample and fragments that were used to determine the mercury and helium porosity were 
likely from an area with a different maceral type.  
 
 
Figure 3.10: A close-up of mineral phases present in the CSIRO 3 sample. This image is 6.0mm x 
6.6mm. 
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Figure 3.10 shows a close-up of the mineral phases segmented in the dry-state tomogram. 
According to the mineral analysis data (covered in Chapter 4), the sample contains siderite, 
kaolinite and ankerite. Based on their X-ray attenuations, siderite is expected to be the 
brightest phase in the tomogram due to a high iron concentration. It appears as white in 
Figure 3.10, ankerite appears as a light grey and kaolinite in turn appears as a darker grey. A 
couple of siderite nodules occur near the top of Figure 3.10, while the main vertically-
oriented features are ankerite inclusions along with a small amount of siderite. Applying the 
correct mineral segmentation parameters to the dry image was particularly difficult as the 
mineral features in the picture above were challenging to resolve. The occurrence of clay 
filling the cleat space remaining after mineral infill is similar to that observed for CSIRO 1 in 
Figure 3.06. Table 3.06 shows the division of phases from this segmentation of the CSIRO 3 
sample. 
 
Phase Material Volume (%) Number of voxels 
Phase 0 Coal and pore 98.06 3380070627 
Phase 1 Kaolinite 1.74 59812473 
Phase 2 Ankerite 0.17 5897163 
Phase 3 Siderite 0.03 1191737 
Table 3.06: Voxel counts and volume percentages of minerals in the CSIRO 3 sample. 
Once the minerals have been identified and segmented, work can proceed to porosity and 
microporosity analysis of the coal samples. 
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Figure 3.11: Porosity profile along the height of the CSIRO 3 plug.  
This particular sample was chosen for inclusion as it highlights the enormous porosity 
difference between the layers and how this influences storage of the maceral types. This 
underlines the importance of the connectivity of the fracture networks in the coal. It is 
unlikely that methane layers the clay rich areas in the same manner that it does the coal 
matrix. Clay associated with these highly porous regions may reduce the total methane 
storage of the reservoir. 
 
 
 
 
 
 
 
0 0.2 0.4 0.6
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37 
 
CSIRO 5 
Figure 3.12 shows the segmentation stages for the CSIRO 5 sample plug, presented in 
analogy to the previous two samples. 
 
 
Figure 3.12: Images of the Y959 slice of the CSIRO 5 sample. The dimensions of this slice are 
6.0mm x 10.3mm. 
Figure 3.12 shows the registered tomograms at various stages of segmentation. It shows the 
segmentation at different stages; dry (A), wet (B), difference (C), inverse of the difference 
(D), the microporosity segmentation (E) and finally the mineral segmentation (F), similar to 
the two samples before. The lower part of the microporosity image (in Figure 3.12 E) is 
missing, due to a contrast error that gave a false difference between the wet and dry 
tomograms that led to the detection of non-existent porosity. As rescanning of the sample was 
not possible at this stage, part of the image was omitted. The artefact was not present in the 
A B C 
D E F 
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dry image and arose during scanning of the wet sample, caused by the large amount of CsI 
solution that was present near that area. 
Representative connectivity maps of CSIRO 5 are shown in Figure 3.13. The image on the 
left outlines the fracture networks, and the one on the right shows an isometric view of the 
left image, outlining the importance and consistence of these fractures. While the mineral 
distribution appears to be fairly uniform through the sample, distinct, vitrinitic bands are 
present in the plug. 
 
 
Figure 3.13A and 3.13B: Connectivity network of the CSIRO 5 sample. The dimensions (A) are 
6.0mm x 10.3mm and 50 voxels (0.3mm) deep.  
The detectable porosity in the scanned sample is fracture-dominated, with little porosity 
identified elsewhere. Table 3.07 lists the comparison of the porosity values from experiment 
and from image analysis. As expected, the experimentally-determined porosity is much 
higher than the image-segmented porosity due to the presence of these poorly-connected 
regions of microporosity. This is mainly due to the movement of helium, pore throats in 3D 
need to be larger than a few microns to be resolvable but helium can move through throats 
and pores that are much smaller than this leading to a difference. 
B A 
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Sample 
MICP/HeP 
porosity 
Segmented 
microporosity 
Segmented 
macroporosity 
Segmented 
total 
porosity 
Difference 
Segmented / 
MICP) 
CSIRO 5 3.02% 0.32% 0.20% 0.53% 469.8% 
Table 3.07: Porosity results for the CSIRO 5 sample. 
The results shown above indicate that while dry-wet tomogram registration and segmentation 
are powerful tools for identifying the porosity of any particular sample, limiting factors 
should be considered when assessing the accuracy of the porosity estimate. While the key 
limitation for coals is tomographic spatial resolution and contrast, wettability issues can also 
contribute. The CSIRO 5 sample is a slightly waxy coal and the presence of this wax seems 
to have restricted access of the CsI solution to some of the finer pore networks. The higher 
contact angle of water on waxy surfaces compared to normal coal surfaces translates as a 
higher pressure difference required to draw the CsI solution into the pores. It is likely that the 
plasma pre-treatment is also less effective on waxy surfaces, which can be expected to more 
quickly revert to their original hydrophobic character. 
 
 
Figure 3.14: A close-up of the mineral phases present in the CSIRO 5 sample. The image is 1.6mm x 
1.6mm. 
Figure 3.14 is a close-up of the segmented mineral phases in CSIRO 5. According to the 
mineral analysis data (covered in Chapter 4), this coal sample contains chlorite, quartz, 
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plagioclase and kaolinite clay. The chlorite was easy to segment out in this sample as it has 
an intensity that is three times higher than any mineral present, and is shown in white in 
Figure 3.14. The other three mineral inclusions, quartz, kaolinite and plagioclaise are less 
easy to distinguish owing to their relative similar X-ray attenuations. It is believed that the 
light grey in Figure 3.14 roughly represents plagioclase and the darker grey represents 
kaolinite (which has almost identical absorption value to quartz). The overall percentages of 
these mineral phases as inferred from the segmentation are listed in Table 3.08. 
 
Phase Material Volume (%) Number of voxels 
Phase 0 Coal and pore 96.78 2248803515 
Phase 1 Quartz and kaolinite 1.51 35052145 
Phase 2 Plagioclase 0.98 22688205 
Phase 3 Chlorite 0.73 17062343 
Table 3.08: Voxel counts and volume percentages of minerals in the CSIRO 5 sample. 
Iodine images of CSIRO 3 
Iodine staining was performed in order to test its effectiveness compared to that of the CsI 
fluid injection technique. Iodine staining was performed on a coal sample in order to 
highlight. Iodine has better mobility and more freedom in a gas state, and can find its way 
into smaller fractures than the CsI fluid. Because it does not need a fluid medium to transport 
it, iodine will remain in place while SEM and QEM analysis are performed on the core. 
Sample accessibility can be seen from Figure 3.15, the iodine works its way through the 
sample so long as there is a method or a fracture pathway to transport it around.  
Images below are from a 4mm core from the CSIRO 3 sample. The iodine was left in the 
sample for a little over a week. Cotton wool was used to separate the coal core from the 
iodine crystals in a glass container. The core had been dried in an oven and plasma cleaned 
prior to this experiment (similar cleaning processes that were used for CsI injection). The 
samples reveal that the iodine saturation is most likely macerals dependant (due to the 
varying organic composition of the different macerals).  
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Figure 3.15A, 3.15B, 3.15C and 3.15D: Registered tomogram slices of a separate CSIRO 3 plug 
showing the effect of iodine exposure. The sample shown in (A) is 3.1mm across and 4.5mm high. 
The iodine stained image in (B) is 3.1mm across and 3.9mm high. Images below show a close-up of 
the samples.  
The dry, untreated state is at left, while the iodine-treated state is at right. The top of the 
iodine-stained image is cut off due to image artefacts caused by the high concentration of 
iodine there. Phase contrast was also evident in the sample due to the high amount of iodine 
present. The plane in the image above is a non-central plane, showing the 561
st
 slice along the 
x-axis. 
 
 
 
 
 
A B 
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Sample Filter 
Voltage/
Current 
Scan 
Time 
(hours) 
Scan 
Type 
Voxel 
Size 
Plug 
CSIRO 3 
4mm 
0.5mm 
Aluminium 
80kV/ 
100µA 
19 Circular 2.8µm 
4mm 
Cylinder 
CSIRO 3 
4mm 
Iodine 
0.5mm 
Aluminium 
80kV/ 
100µA 
20 Circular 2.5µm 
4mm 
Cylinder 
Table 3.09: Scan time and basic parameters for the CSIRO 3 iodine saturated and blank sample on 
the ANU 1 machine. 
The 4mm plug for this experiment was cored parallel to the bedding plane, as mineral and 
maceral types seem to run vertically along the core sample in the untreated/treated registered 
X slice shown in Figure 3.14. These images show the entirety of the scanned sample; the left 
hand side of the image shows some chunks missing from the matrix. These are a result of 
fractures that were caused during the coring process. This sample was not imaged with an 
aluminium filter as there was insufficient space between the X-ray source and the plug. 
It is likely that the iodine diffuses through the coal and becomes bound to coal surfaces by 
van der Waals attraction. Iodine that undergoes the transformation into a free ion radical has 
the potential to combine with the pre-existing coal matrix. It should be noted that any iodine 
free radicals are more likely to combine with iodine molecules in order to interact via pi 
bonds (a type of covalent bond) with the molecules in the coal matrix. The radicals 
themselves were likely formed from radiolysis. This is where the iodine molecules dissociate 
from exposure to radiation from X-ray scanning 
Iodine-stained images of coal cores are not necessarily quantifiable, however they may 
provide an indication of porosity that is associated with fracture networks or porosity that is 
not resolvable on a scale that is identifiable using a liquid such as CsI solution. Thus iodine 
treatment may give a much better indication of the more viable recovery pathways. From the 
images in Figure 316, one can observe the excellent iodine accessibility through the porous 
macerals on the right hand side of the sample. The detail at which porosity could be resolved 
could be even higher, however a MANGO software filter for iodine does not exist and would 
be impractical to make. Using the in-place filter on the CSIRO 3 sample would likely lead to 
a very drastic overestimation of pore occurrence and porosity in the sample. The large 
porosity estimate would be due to the microporosity being classified as macropore or pore. 
The size of the fractures would also be better estimated during the difference calculation, as 
the iodine diffuses through the walls of all maceral types in the matrix. 
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 3.6 Conclusion 
Coal samples can be fracture-dominated, which would lead to a smaller amount of methane 
recovery over a short period of time, or porosity dominated, leading to a large amount of 
recovery over a long period of time. A combination of both would likely lead to an optimal 
situation for recovery. The variability of both the fracture frequency and porous maceral 
types has a huge influence on the overall porosity of the sample. The segmentation of the coal 
sample may have been slightly off for the microporous segmentation, resulting in an 
overestimation of porosity. Coal samples can be fracture-dominated, which would lead to a 
smaller amount of methane recovery over a short period of time, or porosity-dominated, 
leading to a large amount of recovery over a long period of time. A combination of both 
would likely offer a more optimal situation for recovery. This chapter has shown that micro-
CT and associated dry-wet contrast techniques and image processing is a powerful approach 
to visualise and quantify the flow pathways present in coal to give improved insight and 
estimation of recovery times and an indication as to whether hydraulic fracturing is necessary 
and the mineral dissolving solutions that would make this more successful. 
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Chapter 4 Scanning Electron Microscopy 
 
4.1 Introduction 
The scanning electron microscope (SEM) is an instrument that is primarily designed for 
imaging rather than analysis. The SEM is a type of electron microscope that scans the surface 
with a focused beam of electrons. The electrons interact with different materials on the 
sample surface. In back-scatter mode the electrons interact with atoms in the sample, 
producing various signals depending on the composition of the surface, giving a 
compositional map. Secondary (topographical) mode provides a high resolution image of the 
surface, outlining major surface features such as fractures and depressions. Material on the 
surface emits secondary electrons from atoms that are excited by the beam. The number of 
secondary atoms is a function of the angle between the surface and the electron beam. In 
geology, SEMs are most commonly used in mineralogy, sedimentology, palaeontology and 
petrology (Reed 2005, p. 1-4). 
The main principle behind the operation of an SEM lies in the interaction of electrons with 
solid matter. Electrons that are fired through a solid material are slowed down due to inelastic 
collisions with the outer ring electrons of the substance on the surface. Elastic interactions 
involve a change in the direction of motion of an electron with very little transfer of energy, 
and can be used to determine the spatial distribution and geometry of the target. Electrons 
emerging from the surface are used for image formation. 
Backscattered electrons have their energy dissipated through interactions with bound 
electrons and the lattice. This effect is referred to as inelastic scattering. The resulting 
individual energy losses are mostly small and as a result the electron deceleration through the 
solid material will be reasonably smooth. The energy loss for a particular path length is solely 
dependent on the electron density of the materials present in the path. From these 
relationships it can be deduced that the higher the atomic number of a given element, the 
shorter the stopping distance of the electrons travelling through it. This means that the denser 
minerals will be of a higher colour threshold intensity (and as a result they will appear whiter) 
in SEM feedback images (Reed 2005, p. 8-10). Electrons residing close to the surface are 
ejected as secondary electrons and are distinguishable from backscattered electrons as they 
have a much lower density. Only electrons that are a few nanometres from the surface have 
the potential to escape as secondary electrons. The emission patterns can then be observed 
and topographical information obtained from the surface (O’Brien et. al 2011). 
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There is also a small chance that an electron can be deflected through an angle that is much 
greater than 90 degrees, thus emerging from the surface of the target. The fraction of incident 
electrons that leave the sample in this manner is referred to as the backscattering coefficient 
and is almost solely dependent on atomic number. A higher atomic number leads to a larger 
backscattering coefficient. This is the primary analysis technique used in Quantitative 
evaluation of minerals by scanning electron microscopy (QEMSCAN). QEMSCAN is a 
process that creates phase assemblage maps of a specimen surface. Low energy dispersive X-
ray spectra are generated to provide elemental composition information. This information is 
combined with X-ray SEM information, including backscattering information and electron 
count information. SEM only analyses what is on the surface and QEMSCAN takes an 
average of the mineral composition both at and slightly below the surface (Liu et al. 2005). 
 
4.2 Sample preparation 
The cores presented here are the same ones that were analysed using micro-CT in Chapter 3 
(Section 3.3, 3.5). Each coal plug was first plasma-cleaned using a similar procedure as the 
one outlined in Section 5.3 and then infiltrated with Spurrs epoxy resin under vacuum 
followed by positive pressure, and subsequently cured in its mould (Section 5.3). The 
reconstructed tomogram image was used to determine the regions of interest that would be 
analysed using QEMSCAN. The resin-embedded plug was then measured and cut using a 
Struers Accutom-50 Saw. An additional surface impregnation step was performed on each 
section to set resin in the fractures at the surface of the coal, allowing for better filling and 
preservation of the surface features during the subsequent polishing process. The polishing 
was done using a Struers Tegramin 30 polishing wheel with surfaces of varying degrees of 
roughness. For the two samples CSIRO 3 and 5, the embedding, cutting and initial surface 
embedding were done locally, after which the remaining steps were outsourced, due to time 
constraints and sample size. These were coated in petropoxy, another epoxy based resin 
(Spurr 1969). One of the two polished buttons of the sectioned epoxy embedding of the three 
coal plugs is shown in Figure 4.01. 
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Figure 4.01A, 4.01B and 4.01C: A prepared button of the CSIRO 1(A), 3(B) and 5(C) samples. The 
CSIRO 3 and 5 samples were prepared in a 30 mm mould of spurs surrounded by Petropoxy epoxy 
resin, and have carbon tape on their surface. The CSIRO 1 sample (A) was prepared in a 25 mm 
mould of Spurrs epoxy resin, which has a more yellow colour. 
 
4.3 Imaging by FESEM and QEMSCAN 
Each button was analysed using a field emission scanning electron microscope (FESEM, 
Zeiss Ultraplus). Prior to imaging, the button surface was blown with nitrogen gas to remove 
dust, and sputter coated with carbon and mounted using carbon tape, to minimise the 
undesirable effects of beam charging. The entire surface of each button was traversed by a 
series of SEM images in BSE mode at 100x magnification, using a working distance of 10 
mm. Each image comprised 3072 x 2304 pixels, at a resolution of 1.03 µm/pixel. 
This series of slightly overlapping SEM images was then stitched together using MANGO 
software into a mosaic covering the surface of the plug section. The tagged image file format 
(tiff) of each image contains in its header the positioning and pixel dimension. The software 
used this data and a feature registration algorithm to combine the images. The resulting 
stitched image was typically very large and very detailed. This technique could also be used 
to stitch together subsets of the sample surface in the vicinity of locations of interest at even 
higher magnifications. Mineral features in the stitched SEM images could then be matched 
with those present in the QEM mineral map (see below). If the processes were too 
computationally demanding then the image could be down-sampled beforehand.  
Another tool used in processing and stitching of SEM images is the de-warping grid. This is a 
planar sample containing a square grid of dots of an exact spacing (Figure 4.02). The SEM 
image of this grid was acquired using the same settings as for the sample micrographs. Using 
the MANGO software, image segmentation is performed to determine the exact centre of all 
dots. From this, the deviation in their expected positions due to the fisheye effect from SEM 
at relatively low magnification is calculated. The correction is then applied to remove the 
A B C 
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warping from the stitched sample image, without which it cannot be accurately registered to 
the tomogram.  
 
 
Figure 4.02: 100x FESEM image of the dot grid or de-warping grid used for the stitching of 
micrographs. Image size is 9.03 mm x 6.77 mm, with a dot spacing of 0.14 mm. The black splotches 
on the surface are probably dust particles. 
After FESEM BSE imaging, the polished sections of the coal plugs were analysed by 
QEMSCAN (FEI, WellSite). This instrument was used to acquire a mosaic of SEM BSE 
images, at each pixel of which EDS was performed. The accompanying iDiscover software 
and libraries of mineral spectra then identified the mineral composition within the integration 
volume associated with each pixel. This resulted in a mineral map of the entire plug surface. 
In summary, the overall workflow involved in the the preparation of the coal plugs for 
surface analysis is illustrated schematically in Figure 4.03. After these processes, the FESEM 
and QEMSCAN combined 2D image of each section (with appropriate masking) were 
registered to each other and to the 3D tomogram of the plug to integrate the higher resolution 
and mineral information.  
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Figure 4.03: Workflow for the SEM and QEMSCAN imaging process. 
 
4.4 Results 
This section first presents the quantification of the overall mineral compositions of the 
samples and then presents images and their interpretation for the two sections, labelled A and 
B, of each of the three coal samples, CSIRO 1, 3 and 5. 
Average mineral compositions 
Figure 4.04 shows the average mineral composition of each of the two sections (A and B) of 
the three coal samples, resulting from QEMSCAN and outputted by the iDiscover program. 
The A and B sections were selected along the core due to their unique mineralogy from the 
micro-CT scan. Minerals with values less than 0.2% were not shown in the plots. These trace, 
high density minerals are listed in Table 4.01. 
 
Embed sample in resin. 
Choose appropriate planes 
in tomogram. 
Measure and cut the 
sample along these planes. 
Compare the cut surface to 
the tomogram to verify 
that the planes match. 
Embed surface again. Polish surface. 
Compare planes again. 
Acquire SEM and 
QEMSCAN images of the 
surface. 
Perform image stitching 
and registration. 
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Figure 4.04A and 4.04B: Bar graph of the volume percentage of minerals in the six scanned coal 
sections from QEMSCAN in (A). (B) shows only the identified minerals as a fraction of the whole. 
The colour key used here can be applied to all images in this chapter.  
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Sample Apatite Pyrite Rutile Zircon 
CSIRO 1A 0 0.07 0.06 0 
CSIRO 1B 0 0.17 0.1 0 
CSIRO 3A 0 0 0 0 
CSIRO 3B 0.03 0 0.01 0 
CSIRO 5A 0 0 0.01 0.03 
CSIRO 5B 0 0.05 0.01 0.01 
Table 4.01: Normalised volume percentages of trace minerals in the six coal sections from 
QEMSCAN.  
The large uncertainty associated with CSIRO 1A sample is likely due to iodine on the surface 
of the material. This may have led to surface imperfections when the resin set, as the iodine 
may have interfered with the curing process. The difference in mineral composition of the 
CSIRO 5 planes is minimal, indicating that it probably has a more homogeneous mineral 
distribution through the core. The CSIRO 3 sample was much more heterogeneous, the 
mineral surface would vary depending on where it was taken in the sample. One of these 
planes is taken from a more porous maceral type while the other was taken from a less porous 
one. The difference in minerals may be an indication as to the different sedimentary 
conditions of environments at the time of deposition. CSIRO 1 shows a slight difference in 
mineral composition, likely due to natural heterogeneity. 
The locations of the two sections within the tomogram of each of the three plugs were first 
estimated using the 512-voxel (low resolution) tomogram to roughly locate the corresponding 
XY plane. These planes were then compared to the high resolution tomogram to more exactly 
determine the Z slice matching the section. The vertical locations of the A and B sections are 
listed in Table 4.02. 
 
Sample 
Tomogram slice for 
plane A 
Tomogram slice for 
plane B 
Layer thickness 
(voxel size) 
CSIRO 1 640 1984 5.5 µm 
CSIRO 3 1816 3420 13.8 µm 
CSIRO 5 1880 2192 6.8 µm 
Table 4.02: Tomogram slice number, measured from the top of the high resolution tomogram, 
corresponding to the two sections analysed by SEM and QEM. 
The table below compares the average QEMSCAN mineral values (both planes) to those 
obtained from CT imaging in chapter 3. Any difference in numbers in the comparison can be 
attributed to the heterogeneity of the coal sample or the nature of the analysis of the two 
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methods. When it comes to mineral analysis QEMSCAN has a much more comprehensive 
mineral library than the MANGO software suite, which relies on the user to determine the 
minerals from the greyscale intensities it is also not as effective at detecting trace minerals. 
3D imaging and use of the MANGO software suite does allow analysis of a much larger 
volume than QEMSCAN. Using QEMSCAN the user can work at a slightly higher resolution 
as it is not restricted by sample geometry like micro-CT. 
 
CSIRO 1 Kaolinite and Quartz Chlorite Other 
QEMSCAN 82.62 % 13.42 % 3.96 % 
CT Segmentation 71.22 % 28.78 % 0.00 % 
Table 4.03: Mineral composition comparisons for CSIRO 1. 
 
CSIRO 3 Kaolinite Ankerite Siderite Other 
QEMSCAN 35.91 % 52.81 % 7.59 % 3.69 % 
CT Segmentation 89.69 % 8.76 % 1.55 % 0.00 % 
Table 4.04: Mineral composition comparisons for CSIRO 3. 
 
CSIRO 5 Kaolinite and Quartz Plagioclase Chlorite Other 
QEMSCAN 80.89 % 7.33 % 6.56 % 5.22% 
CT Segmentation 46.90 % 30.43 % 22.67 % 0.00 % 
Table 4.05: Mineral composition comparisons for CSIRO 5. 
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CSIRO 1A 
Figure 4.05 shows the stitched QEMSCAN mineral map and FESEM BSE image of section 
A of the CSIRO 1 coal plug (in the first row of Table 4.02). The embedded plug face surface 
was slightly tilted from horizontal due to a slanted polishing finish on one side of the section. 
This particular plane from the CSIRO 1 sample was chosen because of its obvious clay-
containing fracture. The black pixels in the QEMSCAN map, at which the mineralogy could 
not be classified by the analysis software, are mainly present at the plug edge and as droplets 
on the polished face, and coincide with bright features in the BSE image. Accordingly, these 
are most likely due to the presence of iodine (used to the stain the coal in a preceding step), 
bleeding through the embedding resin under the electron beam. The iodine contamination 
also prevented the QEMSCAN map from being exactly registered to the FESEM image in 
Figure 4.05. 
Kaolinite (darker green in Figure 4.05) is the most prevalent mineral in this section, and 
occurs as large streaks in cleats, two close-up areas of which are displayed in Figure 4.06. 
Kaolinite is also present in the form of more irregular scatterings of particles. Chlorite 
(lighter green) and quartz (yellow) are the only other minerals identified in this section. 
Kaolinite and quartz are mainly grouped together as irregular patterns in the coal matrix, as is 
also the case for the other section (B) of this CSIRO 1 plug (see below). This indicates that 
the kaolinite and quartz present in the cleats may be a result of diagenetic processes, and was 
probably carried through the coal fracture network by water. The quartz that resides in the 
matrix is detrital, and was either a part of the same depositional environment as the coal, or 
was blown in from elsewhere and deposited during one of the early stages of coalification.  
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Figure 4.05A and 4.05B: CSIRO 1A QEM mineral map (A, with a pixel size of 2.36 m) and 
FESEM BSE image (B, with a pixel size of 979 nm). The FESEM image was manually rotated to 
match the QEMSCAN image as exact registration proved too difficult. 
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Figure 4.06A, 4.06B and 4.06C: QEM images of the major kaolinite inclusions in the CSIRO 1A 
coal sample. A 0.1mm black bar has been added to the bottom left corner of each image for scale.  
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CSIRO 1B 
 
 
Figure 4.07A and 4.07B: CSIRO 1B QEM mineral map (A, with a pixel size of 2.36 m) and 
FESEM BSE image (B, with a pixel size of 979 nm). The FESEM image was manually rotated to 
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match the QEMSCAN image as exact registration proved too difficult due to the iodine on the 
surface.  
The stitched QEMSCAN map and FESEM BSE image of the second section (B) of this same 
CSIRO 1 sample are presented in Figure 4.07. The dominant mineral again appears to be 
kaolinite. The kaolinite-filled fractures and silt-sized clusters of quartz and kaolinite are 
common, as in section A. Close-ups of the features of these two minerals are given in Figure 
4.08. 
The iodine staining of this coal plug is again apparent in both images of Figure 4.07. Iodine 
serves to highlight porosity surrounding fractures and in the organic matrix for both the 
tomogram and the FESEM image, but detracts from the QEM mineral identification and its 
registration to FESEM. The enhanced brightness of the bottom right area of the FESEM BSE 
image is due to iodine staining of fine fractures, as it does not correspond to an equally high 
frequency of minerals in the QEM map. Iodine diffusion through the coal matrix is also 
apparent. This diffusion is more prominent in more porous regions for obvious reasons; 
however, staining is also evident in areas that appear to be less permeable. The grey bubbles 
in this FESEM image of Figure 4.07 are caused by an adverse reaction between iodine and 
the Spurrs epoxy resin. Iodine interferes with the curing of this resin, and thus the embedding 
was not entirely set during SEM analysis of the section. 
 
 
 
Figure 4.08A and 4.08B: QEM images of the features of the major minerals, kaolinite and quartz, in 
the CSIRO 1B section. A 10mm bar has been added for scale. A close-up of the chlorite and quartz 
distributions has been added below with a 1mm bar for scale.  
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The maceral type, coupled to the presence of clays, seems to be a factor in determining the 
amount of iodine in any particular area. Higher rank macerals have smaller pores and as such, 
limit the iodine diffusion and capacity. The main mechanism for all gas transportation in coal 
is diffusion; this is true for both extraction and injection into coal bed wells. As addition 
reactions between iodine and organic molecules of the coal are unlikely, the iodine probably 
forms a layer on the surface of the coal sample (or condenses in very tight constrictions) in a 
manner similar to that observed for nitrogen and methane in a natural environment (Thomas, 
p. 313-314). 
CSIRO 3A 
The CSIRO 3 sample was the largest of the three coal plugs, and as such its two sections 
were required to be surface embedded in Petropoxy epoxy resin in 30 mm buttons after the 
initial embedding of the plug in Spurrs resin. As opposed to the CSIRO 1 plug, no iodine was 
present in the plugs of CSIRO 3 or 5. The stitched QEMSCAN map and FESEM BSE image 
(consisting of around 70 individual SEM images) of the first section (A) of the CSIRO 3 plug 
are presented in Figure 4.09. These two images were registered exactly, in spite of the 
difficulty of registration due to the small size and frequency of distinct surface features on 
coal samples. 
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Figure 4.09A and 4.09B: QEMSCAN (A, with a pixel size of 4.83 m) and FESEM BSE (B, with a 
pixel size of 979 nm) registered images for section A of the CSIRO 3 sample. A cylindrical mask was 
applied to the two images of the plug (diameter 19 mm). Surface features were used to register the 
pair.  
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Figure 4.09 and the close-ups of features of the mineral map in Figure 4.10 show that the 
minerals present in this plane are dominated by diagenetic ankerite (coloured blue), in line 
with the overall composition given in Figure 4.04. A small amount of diagenetic siderite 
(coloured teal) is also present. The siderite often occurs within ankerite features, suggesting 
that they may have been deposited at around the same time, with the siderite deposited first. 
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Figure 4.10A, 4.10B and 4.10C: QEMSCAN close-up of the distribution of the major ankerite and 
siderite minerals in the CSIRO 3A sample (above), and images of these features (below). A scale bar 
of 10mm has been included in both images. The enlarged image of ankerite and siderite fractures has 
a scale bar that is 5mm in length.  
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CSIRO 3B 
 
 
Figure 4.11A and 4.11B: QEMSCAN (above, with a pixel size of 4.64 m) and FESEM BSE 
(below, with a pixel size of 979nm) registered image sets for section B of the CSIRO 3 sample. The 
FESEM image was registered and then rotated to match the QEMSCAN, giving a match that was only 
slightly off. A scale bar of 10mm has been included in both images. 
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The stitched QEMSCAN map and FESEM BSE image of the second section (B) of the 
CSIRO 3 plug are presented in Figure 4.11. The two images were not registered exactly, 
although the manual reorientation suffices for comparison. The average mineral compositions 
of the two surfaces of CSIRO 3 in Figure 4.04 show large differences between these 
locations. While Section A was dominated by ankerite (blue) and siderite (teal), section B 
contains much more kaolinite (green), and a greater variety of other minerals, namely quartz, 
feldspar, plagioclase and chlorite. These differences emphasise that one or two sections are 
statistically insufficient to represent the entire plug. A major ankerite-filled fracture is present 
in Figure 4.11 and spans the entire diameter of the plug. However, the frequency of such 
fractures is much lower in Figure 4.11 than in Figure 4.09, accounting for the overall low 
content of siderite in the former.  Aside from the diagenetic ankerite and siderite, the other 
minerals (i.e. the majority) appear to occur as detrital grains of silt-sized kaolinite, quartz, 
plagioclase, chlorite and alkali feldspar (see Figure 4.12). The variety of minerals present 
indicates that they were probably carried in by the wind from several depositional 
environments, while section A was generally far less exposed to detritus.  
 
 
Figure 4.12: QEMSCAN line-up of the major kaolinite and ankerite features in the CSIRO 3B 
section. The ankerite (blue) fracture has been split into several smaller segments. Light blue of the 
major siderite feature is 1.88mm. The rectangle is 8.36mm wide by 2.00mm high. 
The CSIRO 3 coal core would be a prime example of a section of seam in the Sydney basin 
that may flow well without any stimulation. This would depend on the structure of the 
fracture network along with the interference of ankerite. The saturation of the sample for 3D 
imaging seemed to be complete. given the structure of the fracture network. Stress-induced 
seam folding and other geophysical processes would probably detract from the overall 
network connectivity. However the heterogeneity of the seams in the Sydney basin means 
that this situation would be highly unlikely (Faiz 2007, Saghafi 2007). 
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CSIRO 5A 
The stitched QEMSCAN map and FESEM BSE image of the first section (A) of the CSIRO 5 
plug are presented in Figure 4.13. This pair of images were registered exactly, as were the 
pair for CSIRO 5B. Figure 4.14 shows the subareas containing prominent, anisotropic 
mineral features that were selected for registration of the QEMSCAN and FESEM images. 
The transformation of the successful registration of these subsets was then applied to the 
whole FESEM image. Due to the drastically different resolutions of two images (the FESEM 
being at least 10 times more detailed than the QEMSCAN), they could not be down-sampled 
for analysis. In such situations, down-sampling could lead to loss of surface features in the 
QEMSCAN and thus failure of the registration.  
 
 
Figure 4.13A and 4.13B: QEMSCAN (A, with a pixel size of 2.22 m) and FESEM BSE (B, with a 
pixel size of 979nm) registered image sets for section A of the CSIRO 5 sample. A 5mm bar has been 
added for scale. The orange square indicates the area of Figure 4.14. 
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Figure 4.14A and 4.14B: Subsets used to register the CSIRO 5A section. The images are 1.61mm in 
both width and height.  
The full mineral map is given in Figure 4.15, along with a close-up, and the major mineral 
features are lined up in Figure 4.16. As shown in Figure 4.04 for both CSIRO 5A and 5B, 
kaolinite is the dominant mineral, with quartz, plagioclase, chlorite, feldspar and calcite also 
present, together with a small fraction of biotite. The mineral systems exhibited by CSIRO 
5A and 5B appear to be almost entirely detrital. Silt-sized detrital particles of kaolinite, 
quartz, plagioclase, alkali feldspar, and chlorite are prominent. Figure 4.13 shows a porous 
area that is associated with a smattering of quartz and chlorite clay particles. The chlorite is 
likely to have been deposited as detrital grains and to be a result of the alteration of biotite. 
The small amount of matrix porosity associated with the chlorite area indicates that it may 
have been formed from the metamorphic environment (Zhao et al. 2012). Such an 
environment of compaction and higher pressure is expected to be seen with higher rank 
bituminous coals. A small fraction of diagenetic calcite is also visible in both of the CSIRO 5 
sections. Slight fluorescence can also be observed around the outside of the fractures in the 
coal matrix of the FESEM image (at its top right in Figure 4.13).  
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Figure 4.15A and 4.15B: Full QEM mineral map of the CSIRO 5A section (A, with a pixel size of 
2.22 microns) and close-up of one of its chlorite-containing features (B). A 5mm scale bar has been 
added to the full QEM map, while the close-up is 3.49mm wide and 1.54mm high. 
 
 
Figure 4.16: QEM line-up of the major mineral features in the CSIRO 5A section. See Figure 4.04 for 
the colour legend. A 2mm bar has been added for scale.  
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CSIRO 5B 
 
Figure 4.17A and 4.17B: QEM (A, with a pixel size of 2.22 m) and FESEM BSE (B, 979nm) 
registered image sets for section B of the CSIRO 5 sample. A circular mask of diameter 10.1 mm was 
applied to the two raw images of the plug (of diameter 10 mm). A 5mm bar has been added for scale. 
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The stitched QEMSCAN map and FESEM BSE image of the second section (B) of the 
CSIRO 5 plug are presented in Figure 4.17. The process of registering this pair was unique 
compared to the others in the sense that exact registration was achieved without the need to 
create subsets. The key to the success of this registration was to mask out the entire matrix 
and small, indistinct surface details to focus on the prominent mineral features.   
As shown in Figure 4.04 and Figure 4.18, the second CSIRO 5 section (B) has very similar 
mineralogical composition and features as its predecessor (A) from the same plug. The 
mineral features are scattered in a fairly uniform manner throughout the matrix, and comprise 
silt-sized detrital kaolinite, quartz, plagioclase, alkali feldspar and chlorite. Sand-sized 
clusters of kaolinite (green) are also present in CSIRO 5A and 5B, along with very fine 
deposits of diagenetic calcite. 
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Figure 4.18A and 4.18B: Full QEM mineral map of the CSIRO 5B section (A) and QEM images of 
the major mineral features (B). For the colour legend see Figure 4.04. A 5mm bar has been added to 
both of the images above. 
 
4.5 Conclusion 
FESEM and QEMSCAN are valuable techniques for analysing the mineralogy and more 
intricate details of coal plugs such as micro-fracture networks, QEMSCAN being far more 
accurate for mineral analysis. Both techniques deliver a backscattered electron image of coal 
sections, and indeed QEMSCAN acquires this image in conjunction with the EDS for mineral 
mapping, and hence these two QEMSCAN outputs are automatically registered. However, in 
the SEM BSE images from QEMSCAN, the coal and mineral features were fairly poorly 
resolved and contrasted. Figure 4.19 shows an unedited comparison between such an image 
and the registered FESEM image for section A of the CSIRO 5 plug. The former was deemed 
unfit for metallurgical coal or fracture network analysis.  
For this reason the registration of the independently acquired, high-resolution FESEM images 
to QEMSCAN mineral maps in this chapter is necessary to provide the input for integration 
of high quality 2D information regarding coal macerals, fractures and mineral inclusions into 
the 3D tomogram of the plug. The results for the CSIRO samples presented above 
demonstrate that this FESEM-QEMSCAN registration can be challenging. While no single, 
failsafe strategy for registering such images of coal sections using the MANGO software was 
identified, several guiding principles emerged. One key to registering these complicated and 
small-feature-rich images was to normalise the intensities across all of the FESEM 
micrographs. Another key was to avoid down-sampling, as this will lead to oversimplification 
of the lower resolution image (in all cases this was the QEM image), resulting in alteration of 
the appearance of its major surface features and loss of some of the smaller ones. Other 
approaches involved masking the entirety of the coal matrix and some of the lower intensity 
features, so that only the major mineral features remained in the masked FESEM image.  
The extrapolation of the analysis from QEMSCAN in Chapter 3 is only a well-informed semi 
quantitative estimate of the volumes occupied by different minerals in the matrix. This 
analysis can be extended to a larger scale if a better quantification is required. Further, the 
FESEM imaging can be combined with resin and gas staining pre-treatment techniques to 
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reveal more detailed information about the topological features in conjunction with the 
mineral composition on the surface. Such staining strategies are the subject of Chapter 5. 
 
 
Figure 4.19A and 4.19B: Comparison between the SEM BSE image output from the QEMSCAN (A) 
and the stitched image from FESEM BSE (B) of the CSIRO 5A sample. The two images are 
registered. 
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Chapter 5 Resins and attenuation 
 
5.1 Introduction 
A curing resin is a polymer formulation that undergoes an irreversible reaction to transform 
from a liquid to a solid. The chemical nature and properties of many artificial resins have 
been derived from compounds found in tree saps (O’Brien et. al 2011). In scanning electron 
microscopy (SEM), a resin embedding step is usually employed in the preparation of a 
section of a permeable material for surface imaging. The cured resin forms a solid structure 
that supports and preserves the structure of the sample during cutting, polishing and other 
preparation and handling steps. For coal, the importance of maintaining the material in its 
native state is paramount, in particular for registration of 2D embedded sections to the 3D 
tomogram of the native sample as discussed in Chapters 3 and 4. Surface disruption of an 
incorrectly prepared sample can lead to an artificially induced difference in porosity which, in 
turn, can lead to erroneous observations and interpretations. 
Previous studies have used carnauba wax as a stabilisation medium for coal surface 
impregnation (O’Brien et. al 2011). However, the coal matrix was difficult to distinguish 
from the embedding wax in the published images. Indeed, most common embedding resins 
possess electron densities and X-ray attenuations of very similar values to those of the 
organic matter of coal. As a result of this near-match, the boundary between resin and coal in 
SEM and micro-CT images will be poorly defined. In the micrograph at left in Figure 5.01, 
the external surface of the coal (bottom left) is poorly contrasted from the surrounding resin, 
so that only the bright mineral features stand out. 
One common fracture-highlighting technique is to coat the coal with an inert metal, such as 
silver or gold (Brorson 1998), before polishing. This serves to outline fractures in SEM 
analysis, as the metal that coats exposed surfaces is polished away. While this procedure is 
quite effective, it can mask the minerals present in coal, to the detriment of other forms of 
analysis. The iodine-staining treatment of coal for SEM imaging, mentioned in Chapter 4, 
suffers from similar drawbacks. The fracture networks become highlighted, indeed 
oversaturated, by iodine, but these bright streaks tend to obscure, or become difficult to 
distinguish from, the mineral bands.  
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Figure 5.01A and 5.01B: SEM images of resin-embedded coal (CSIRO 1), showing the difference in 
contrast between an unstained and a stained resin. (A) shows the unstained resin with coal and (B) 
shows the difference between coal and the stained resin. 
As an alternative strategy, the use of an embedding resin that is doped or stained uniformly 
with a compound to raise its density to a level intermediate to organics and minerals would 
aid in differentiating the edges of a coal (or organic-rich shale) sample and its internal 
fracture networks and phase boundaries, without substantially impacting the mineral contrast. 
Unfortunately, there are currently very few published references on staining resins for coal 
embedding. On the other hand, staining procedures for biological and tissue samples abound 
in the medical literature. As coal and dried tissue are somewhat similar, the preliminary 
method developments presented in this chapter were derived from procedures in medical 
papers for staining muscle tissue and proteins (Straley 1983, Brorson 1998, Brorson 1998, 
Newman et al. 1987). An example of use of the preferred contrast strategy finally developed 
in this chapter is in Figure 5.01. 
 
5.2 Materials 
Five different resins, including epoxy, acrylic and polyester types, were tested during the 
initial stages of experimentation. Two of these were Spurrs epoxide resins, referred to as 
4206 and 4221, which each comprised a four-component mixture. Both formulations 
contained 10g of nonenyl succinic anhydride (NSA), 2.3g of diglycidyl ether of 
polypropylene glycol (DER 736; the longer chain DER 732 was sometimes used for non-
embedding purposes) and 0.15g dimethylamino-ethanol (DMAE) as hardening agent. The 
distinction between the two formulations lay in the vinyl additive, with Spurrs 4206 
containing polyvinyl cyclohexene dioxide (3.8g, ERL 4206) while Spurrs 4221 contained 3,4 
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epoxy cyclohexyl methyl 3,4 epoxy cyclohexyl carboxylate (6.8g, ERL 4221). Owing to the 
similarity of these two vinyl additives, the two Spurrs resins had comparable properties. 
These resins were prepared according to the standard medium procedure outlined in (Spurr 
1969).  
The other epoxide tested was a two-component Epofix embedding resin (Struers). The two 
components were the resin bulk mixture and a hardener that is used in the curing process. 
Hardener was added to resin in a 2:15 ratio. The acrylic-based resin was London Resin White 
(LRW) medium grade. This one-component resin was chosen for its low viscosity and ability 
to be cured by either heat or ultraviolet (UV) light (Newman et al 1987, London Resin 
Company Ltd.). The accelerator (benzoyl peroxide) supplied with the LRW was not used, 
owing to the high curing temperatures generated by the strongly exothermic accelerated 
reaction. The polyester resin Polyplex Clear Cast was also tested in initial trials; however, it 
was abandoned at an early stage due to its poor mixture consistency, high viscosity and rapid 
gel time. 
Properties of all five resins are listed in Table 5.01. The three epoxy-based resins were all 
cured in the oven while the polyester resin was cured at room temperature. 
 
 
Epofix 
Spurrs from 
4206 
Spurrs from 
4221 
London 
Resin White 
Polyplex 
Chemical 
composition 
Epoxide 
based 
Epoxide 
based 
Epoxide 
based 
Acrylic based 
Polyester 
based 
Viscosity (cP) ~250 
~60 
(primarily due 
to NSA) 
~70 
(primarily due 
to NSA) 
8 
160 – 
190 
Cures at room 
temperature 
Yes (24 
hours) 
Yes (several 
weeks) 
Yes (several 
weeks) 
No Yes 
Cures in oven 
Yes (not 
desirable, but 
8 hours at 
70
o
C) 
Yes (70
o
C, 8 
hours) 
Yes (70
o
C, 8 
hours) 
Yes (50
o
C, 16 
hours) 
No 
Addition of 
Catalyst 
None 
110
o
C setting 
temperature
 
110
o
C setting 
temperature 
120
o
C setting 
temperature 
- 
Cures in UV No No No Yes (30 mins) No 
Table 5.01: The five resin products tested and their basic properties (University of Edinburgh School 
of Geosciences). 
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5.3 Resin impregnation of coal 
Coal samples are typically challenging to fully saturate, especially with a liquid of reasonably 
high viscosity. The goal with the liquid resins was to saturate all fractures and macropores, 
while the finest nanoporous regions of coal macerals (which were not imaged at high 
resolution in embedded samples) would remain incompletely saturated. After trialling a few 
different infiltration approaches, it was determined that the best experimental procedure 
involved evacuation of the dry coal sample prior to infiltration of the pre-degassed resin 
under vacuum. In this way the resin does not have to compete against air in fractures whilst 
trying to fill them, allowing for better sample saturation (see Figure 5.02).  
The components of the resin were mixed, but without the hardener or amine at this point, and 
then degassed under vacuum in a glass beaker at room temperature. The coal sample, having 
been dried in an oven at low temperature (35
o
C) was then treated using an RF water-vapour 
plasma cleaner to increase the energy of its internal surfaces and thus enhance the liquid 
absorption of its pores. The time and wattage of the plasma cleaner were based in the size of 
the core. Wattage ranged from 70-125 and total treatment time ranged from 1 to about 2 
minutes. The dry, clean coal sample was then placed in a holder in the glass desiccator 
chamber in Figure 5.02 and evacuated using a vacuum pump for around 4 hours. The pump 
was then switched off and the coal sample was allowed to sit under vacuum for about 8 hours 
to allow the diffusion out of any gas remaining in the tighter pores. The prepared resin was 
then gently poured (to minimise air entrainment) into the separator funnel at the top, with the 
tap below it closed. The hardener was then added to this resin (at atmospheric pressure) and 
lightly mixed in by swirling for a few seconds. The tap was then opened for part of the resin 
to be sucked down through the tubing by the vacuum to fill the sample holder and infiltrate 
the coal sample. The tap was then closed to leave part of the resin in the funnel to separate the 
atmospheric pressure above it from the vacuum below it. The vacuum impregnation was 
performed for 8 hours. Afterwards, the sample immersed in its resin was transferred to a 
polypropylene mould container and placed back in the desiccator chamber under vacuum and 
left overnight. The sample in its mould was then transferred into a pressure pail which was 
isostatically pressurised to 200 kPa in an oven at 80
o
C  for 8 hours to allow for better 
infiltration of resin into the coal matrix by dissolving remaining air pockets into the resin for 
diffusion out of the sample over time. Finally, the liquid resin impregnating the coal sample 
was cured, either in the pressure pail by application of higher temperature or after removal 
from the pail and curing under UV light (for LRW resin). 
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Figure 5.02: Setup for liquid resin impregnation of coal samples. 
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5.4 Use of micro-CT to test the extent of resin filling 
Coal samples embedded with resin using the above-mentioned procedure (and the 
developments that led to it) were micro-CT scanned to assess the completeness of filling of 
fractures and macropores with the cured resin. Some typical examples from slices of the 
tomograms of two coal pieces embedded in Spurrs 4206 or LRW resin are given in Figure 
5.07. Spurrs 4206 resulted in full embedding of coal, with at most only very occasional 
instances of air present in fractures. On the other hand, LRW typically gave less complete 
embeddings, and appeared have retracted along fractures and within pores to leave air gaps or 
pockets in its wake. Further, air pockets were also sometimes seen at the outer surface of the 
coal piece, where the surrounding resin had locally delaminated. Multiple trials in which the 
pressure, temperature and durations of infiltration and setting were varied did not lead to 
eradication of these LRW embedding defects. The evidence suggested that liquid LRW fully 
infiltrated all fractures and macropores, as would be expected for this lowest viscosity resin, 
but that it failed to develop as strong a bond with internal coal surfaces as the Spurrs 4206 
and/or its volume reduction on curing was somewhat more substantial. Thus the Spurrs 4206 
resin was the preferred choice for coal embedding, although the LRW resin was persevered 
with during the doping trials as its different chemistry was thought to provide additional 
scope for incorporating various dopants. Moreover, dopants could conceivably aid in 
overcoming LRW’s shortcomings regarding compatibility with coal surfaces and/or 
shrinkage on curing. 
 
 
 
Figure 5.03A and 5.03B: Tomogram slice subset of CSIRO 1 coal samples embedded using the same 
procedure in (A) Spurrs 4206 resin, showing good resin filing of fractures, or (B) LRW, showing 
incomplete filling of fractures and pores. In the colour scheme, coal matrix is purple, its minerals are 
green (kaolinite) and red (ankerite), resin is a mixture of light purple and blue and air is light blue. 
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5.5 Dopant testing 
Prior to use of the above infiltration procedure for doped resin, a series of trials was 
performed to test various candidate solid and liquid additives to increase the resin density, 
and thus enhance its contrast in electron density or X-ray attenuation to the coal matrix. The 
key criteria for such an additive to successfully stain the resin were as follows: 
 Upon mixing with the dopant additive, the liquid resin must form a perfectly 
homogeneous mixture. A suspension or emulsion would not be suitable unless the 
particles or droplets were sufficiently fine and remained stably so over time and under 
positive and negative applied pressure of infiltration. Otherwise, the dopant would be 
inhomogeneously distributed in the pores of the coal, and size-excluded from fine 
pores. 
 The homogeneously mixed liquid resin must maintain a workably low viscosity and 
with adequate mobility of the dopant, to ensure full and uniform infiltration over 
reasonable time scales, prior to the onset of curing. 
 The dopant should not react chemically with the coal matrix. 
 The resin must remain curable in the presence of the dopant, and the dopant must 
remain homogeneously mixed through this curing process and afterwards. 
 The dopant must not adversely impact the required properties of the cured resin, 
namely that the resin must strongly bind to the plasma-treated coal surfaces and 
undergo at most minimal volume change on curing, to avoid delamination or 
retraction of resin from coal. Further, the cured doped resin must remain mechanically 
strong enough to preserve the coal sample during cutting and polishing. 
Depending on the nature of the dopant, in particular whether solid or liquid, methods used in 
an attempt to create a uniform mixture in the resin included hand stirring, vortex stirring and 
sonication. Co-solvents such as toluene, ethanol, methanol and water were also added to aid 
in dopant-resin mixing, with the requirement that the solvent did not inhibit curing or result in 
a substantial volume change. 
For more promising sample mixtures, X-ray radiographs (2D scans) were used to determine 
whether the dopant was mixed homogeneously in the liquid resin and remained so upon 
curing. The intensity counts (with a higher value indicating less attenuation of the beam) 
provided a sensitive measure of the overall X-ray opacity and distribution of the dopant in the 
largely X-ray transparent resin. For this purpose, a subsample of the liquid mixture was 
transferred into a small, conical Eppendorf polypropylene container, cured and placed in the 
X-ray beam of the ANU1 circular micro-CT scanner to acquire radiographs on its CCD or 
flat panel detector. All such test imaging was performed at a voltage of 80kV and a current of 
100µA, with 0.5 mm aluminium as filter and an exposure time of several seconds. The 
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images were subsequently analysed using Ncviewer software for extraction of the counts 
values through the sample using Emacs (text editing) software. The profiles were then plotted 
in Microsoft Excel and are included later in this chapter. 
As illustration, Figures 5.04 and 5.05 show examples of homogeneous and heterogeneous 
distributions, respectively, of the dopant epibromohydrin in two epoxy resins after curing. In 
Figure 5.04, the dopant successfully demonstrates a uniform increase in darkness (X-ray 
attenuation) across the volume within the cone-shaped container, relative to an undoped 
reference of the same Spurrs resin. On the other hand, addition of the same dopant to the 
Epofix epoxy in Figure 5.05 results in a non-uniform distribution, with dark speckles of 
separated, suspended epibromohydrin evident and increasingly so with proximity to the 
container tip, where an excess of epibromohydrin (darkest) has accumulated. (Note that the 
curing was performed with the container tip facing downwards, then inverted for imaging, so 
the separation towards the tip is due to settling of the denser epibromohydrin under gravity.) 
In general, inspection of radiographs also gave indications of any other undesirable effects, 
such as layers of dopant formed around the edge of the resin or reduction in volume during 
curing. 
 
 
Figure 5.04A and 5.04B: X-ray radiographs of bullet-shaped Eppendorf containers filled with Spurrs 
epoxy 4206 doped with 6.38 vol % epibromohydrin after curing. The eppendorfs are 10mm in 
diameter through the largest section (B). 
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Figure 5.05A and 5.05B: X-ray radiographs of bullet-shaped Eppendorf containers filled with Epofix 
epoxy doped with 6.38 vol% epibromohydrin after curing. The eppendorfs are 10mm in diameter 
through the widest section (B). 
The diagram in Figure 5.06 shows the basic workflow for the doped resin impregnation trials. 
Particular resin-dopant combinations were abandoned as soon as one of the steps resulted in 
failure, with only the most successful combinations passing all the way to SEM imaging and 
analysis. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.06: Doped resin workflow diagram. 
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Evaluate success of the 
doped sample and perform 
further image analysis. 
B A 
79 
 
5.6 Results 
The dopants tested in the four resins included cesium iodide (CsI), heavy metallo-organics 
(lead acrylate, lead citrate, uranyl acetate and phosphotungstic acid), free iodine (I2), 
brominated or iodinated alkanes, and epibromohydrin. A table summarising the testing of the 
key criteria mentioned in the previous section is listed in Table 5.01. The results for each 
category of dopant are discussed further in the subsections below. 
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Epofix 
Spurrs from 
4206 
Spurrs from 
4221 
London Resin 
White (LRW) 
Mixes with lead 
acrylate 
No No No No 
Mixes with lead 
citrate 
No No No No 
Mixes with uranyl 
acetate 
No No No No 
Mixes with 
phosphotungstic 
acid 
No No No No 
Mixes with iodine No 
No (some 
components 
bleed very well) 
No (some 
components 
bleed very well) 
Yes 
Cures with iodine 
mixed in 
No No No No 
Solid Iodine 
bleeds into set 
resin 
Yes Yes Yes Yes 
Solid Iodine 
stains 
Yes (strong) Yes (strong) Yes (strong) Yes (weaker) 
Mixes with  
bromodecane 
C10H21Br 
Did not test Yes Yes 
Yes (oven 
only) 
Mixes with  
bromoundecane 
C11H23Br 
Did not test Yes Yes 
Yes (oven 
only) 
Mixes with  
bromododecane 
C12H27Br 
Did not test Yes Yes 
Yes (oven 
only) 
Mixes with 
bromotetradecane 
C14H29Br 
Did not test Yes Yes 
Yes (oven 
only) 
Mixes with 
diiodomethane 
CH2I2 
Did not test Yes Yes 
Yes, partial see 
explanation 
(oven only) 
Mixes with 
iododecane 
C10H21I 
Did not test Yes Yes Yes 
Mixes with 
epibromohydrin 
C3H8BrO 
No Yes Yes Did not test 
Table 5.01: List of resin experiments. 
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Cesium iodide 
The first dopant tested was CsI, which is a standard additive to salt solution for micro-CT 
imaging. However, CsI proved unsuitable as it was immiscible at useful concentrations with 
all liquid resins investigated. This included the more polar LRW resin, for which the amount 
of added water required to dissolve the CsI inhibited curing of the LRW.  
 Heavy metallo-organics 
None of the four heavy-metal complexed solids in Table 5.01 were able to be dissolved or 
finely dispersed in any of the four resins using any of the co-solvents and mixing methods 
tested. These failures again included the acrylic LRW resin, for which its similar chemistry to 
the metal-centred ligand molecules appeared promising. Figure 5.07 shows a typical image 
from optical microscopy of the lead acrylate particles remaining in the LRW liquid resin. 
 
 
Figure 5.07: Optical micrograph of an inhomogeneous mixture of lead acrylate in LRW liquid resin. 
The undissolved dopant crystals can be clearly seen. 
Iodine 
The resins were tested for iodine affinity before, during and after curing, as listed in Table 
5.01. In the liquid state, iodine crystals were immiscible with the three epoxies (or more 
precisely with at least one of their components), but could be dissolved in the acrylic LRW. 
However, the addition of iodine almost completely inhibited the curing of all resins, 
including LRW cured either with temperature or UV light. The reaction mechanisms were 
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presumably hindered by the creation of free iodine radicals. As an alternative doping strategy, 
pre-cured blocks of the four undoped resins were exposed to iodine vapour from sublimation 
of iodine crystals at room temperature. All four resins were observed to take up iodine, which 
slowly diffused from the resin surface into the polymer matrix to assume a uniform 
distribution. The three epoxies exhibited the strongest staining by iodine, although the 
staining of LRW still resulted in a substantial increase in its density and X-ray attenuation. 
This gives rise to the possible strategy of first embedding coal in undoped resin and curing, 
followed by the post-curing staining step with iodine, i.e. the reverse of the approach in 
Chapter 4, in which coal samples were first iodinated and then resin embedded. 
 Undoped resin controls 
As mentioned above, X-ray radiographs provide a convenient means to judge the strength and 
uniformity of attenuation due to a dopant present in a cured resin. As control, this approach 
requires characterisation of the reference state of the undoped cured resin. Table 5.02 and 
Figure 5.08 compare the intensity counts from radiographs of the three resins Spurrs 4206, 
Spurrs 4221 and LRW, each cured in the form of a small bullet in an Eppendorf plastic 
container. The downward slope of all profiles is due to the conical shape of the bullets. To 
ensure that the X-ray count values and the profiles in Figure 5.08 were directly comparable to 
one another, each container was mounted in exactly the same way on the sample stage of the 
micro-CT scanner, at the same height on a glass stand with a dried plasticine holder on top. 
The counts were taken from the same location in the radiographs of the three samples. As can 
be seen from Table 5.02, Spurrs 4221 is slightly more attenuating than Spurrs 4206, which in 
turn is slightly more attenuating than LRW resin. 
 
Control 4206 4221 LRW 
Average of 1000 points 
through sample 
34460 33994 34937 
Image Average 40514 40467 40581 
Table 5.02: Averaged X-ray counts from radiographs for the control experiment of undoped, cured 
resin of the three types. In each case, values are averaged over either the resin sample or the entire 
radiograph. A lower value indicates greater attenuation. 
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Figure 5.08: Comparison of the X-ray count profiles across the three undoped, cured resins versus 
pixel position along the horizontal axis. The value at any one pixel is an interpolation of the four 
pixels surrounding it. 
Bromoalkanes and iodoalkanes 
From Table 5.01, the four bromoalkanes tested, with carbon numbers 10, 11, 12 and 14, and 
added to resin at up to 4.8 vol%, all appeared to be miscible in the three liquid resins tested 
(Spurrs 4206, Spurrs 4221 and LRW). Moreover, all such bromoalkane-doped resins could be 
cured into a hard embedding medium with no observable loss of physical properties. The 
radiographs acquired for the LRW samples confirmed that the distribution of the 
bromoalkane was uniform throughout the cured bullet sample. The X-ray intensity averages 
and profiles from radiographs of this LRW series are presented in Table 5.03 and Figure 5.09. 
All four bromoalkanes at the doping level of 4.8 vol% produced a substantial increase in X-
ray attenuation, i.e. lowering of intensity value. Further, the attenuation generally increased 
with decreasing carbon chain length, as expected from the concomitant increase in bromine 
concentration. 
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LRW Control C10H21Br C11H23Br C12H25Br C14H29Br 
Average of 1000 
points through 
sample 
36937 29464 29261 30229 32011 
Table 5.03: Averaged X-ray counts through LRW resin sample doped with the four bromoalkanes 
and then cured, and compared to the undoped, cured control. 
 
 
Figure 5.09: X-ray count profiles versus pixel position along the horizontal axis across the LRW resin 
samples doped with the four bromoalkanes and then cured, and compared to the undoped, cured 
control. 
Table 5.04 and Figure 5.10 present the analogous results for LRW resin doped with the 
shortest of the bromoalkanes studies, namely bromodecane (C10), at 6 increasing 
concentrations. The results verify the expected trend that X-ray attenuation monotonically 
increases with doping level. 
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LRW 
C10H21Br 
Control 
0.801 
vol% 
1.60 
vol % 
2.40 
vol% 
3.20 
vol% 
4.01 
vol% 
4.81 
vol% 
Average of 
1000 
points 
through 
sample 
31200 30069 28767 28384 27460 26746 26300 
Table 5.04: Averaged X-ray counts through LRW resin sample doped with bromodecane at 6 
increasing concentrations and then cured, and compared to the undoped (0%), cured control.  
 
 
Figure 5.10: X-ray count profiles versus pixel position along the horizontal axis across the LRW resin 
samples doped with bromodecane at 6 increasing concentrations and then cured, and compared to the 
undoped (0%), cured control.  
From Table 5.01, the iodinated alkane iododecane was also tested, and like its bromine 
analogue, was found to be miscible in all three of the liquid resins (Spurrs 4206, Spurrs 4221 
and LRW) and remained homogeneously distributed during their curing to a hard embedding 
medium. Table 5.05 and Figure 5.11 present the X-ray intensity averages and line profiles 
from radiographs of cured bullets of LRW resin pre-doped with iododecane at 6 increasing 
concentrations, while Table 5.06 compares these averages to those for the same experiments 
with bromodecane in Table 5.04. The results again show the expected increase in X-ray 
attenuation with iododecane concentration in the resin. The comparison in Table 5.06 also 
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gives the expected trend of stronger attenuation from the iodinated alkane than the 
homologous brominated alkane, owing to the higher atomic number of iodine. However, at 
the two lowest concentrations the attenuations in Table 5.06 are surprisingly similar.  
 
LRW 
C10H21I 
Control 
0.707 
vol% 
1.41 
vol% 
2.12 
vol% 
2.83 
vol% 
3.53 
vol% 
4.24 
vol% 
Average 
of 1000 
points 
through 
sample 
31497 30417 29188 28253 26972 26386 24928 
Table 5.05: Averaged X-ray counts through LRW resin sample doped with iododecane at 6 increasing 
concentrations and then cured, and compared to the undoped (0%), cured control.  
 
 
Figure 5.11: X-ray count profiles versus pixel position along the horizontal axis across the LRW resin 
samples doped with iododecane at 6 increasing concentrations and then cured, and compared to the 
undoped (0%), cured control.  
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LRW Control 
0.801 
vol% 
1.60 
vol % 
2.40 
vol% 
3.20 
vol% 
4.01 
vol% 
4.81 
vol% 
C10H21Br 31200 30069 28767 28384 27460 26746 26300 
LRW Control 
0.707 
vol% 
1.41 
vol% 
2.12 
vol% 
2.83 
vol% 
3.53 
vol% 
4.24 
vol% 
C10H21I 31497 30417 29188 28253 26972 26386 24928 
Table 5.06: Comparison of averaged X-ray counts through bromodecane- or iododecane-doped LRW 
bullets from Tables 5.04 and 5.05.  
The experiments at the maximum doping level of bromodecane and iododecane were 
repeated with the two Spurrs resins. A control was conducted for each experiment as not all 
experiments were conducted on the same day. This was to ensure that all experiments had a 
control that could be compared to and the differences due to temperature, equipment 
performance and settings could be quantified and scaled. These were constant for all 
experiments but an additional control reveals that there is a small difference between 
experiments and these values can be scaled using the control.  In all cases the radiographs of 
the cured bullets resembled the homogeneously mixed epibromohydrin (see Figure 5.04). The 
averaged X-ray counts through these three cured resins are compared in Table 5.07. In all 
cases the iododecane gives greater attenuation than the bromodecane, with reasonably similar 
values for the three resins, given the slight variability in the measurements.  
 
Resin Control C10H21Br 4.81 vol% C10H21I 4.24 vol% 
Spurrs 4206 30893 26548 24684 
Spurrs 4221 31972 26851 24047 
LRW 
31200 (Br) 
31497 (I) 
26300 24928 
Table 5.07: Averaged X-ray counts through samples of the three resins doped with bromodecane 
(4.81 vol%) or iododecane (4.24 vol%) and then cured, and compared to the undoped (0%), cured 
controls.  
SEM imaging was performed on the nine samples (see Table 5.07). Individual fragments of 
coal were infiltrated by the doped or undoped resin according to the above-mentioned 
impregnation procedure and cured. The embedded fragments were in turn embedded in an 
undoped resin casing (of Petropoxy, which is similar to Epofix, plus a thinner) for cutting and 
polishing. The Petropoxy resin bonded well with the Spurrs resin samples, but was somewhat 
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incompatible with the (acrylic) LRW samples so that setting was incomplete. Imaging of the 
doped resin samples showed that the dopant partially bled out of the resin and into the 
surrounding coal prior to, during and/or after curing. This diffusional migration of the 
halogenated hydrocarbon molecules thus gave less brightness (i.e. electron density) than 
expected in the bulk of the resin near the centre of fractures and pores, and produced a bright 
halo at the pore-coal matrix interface, which also extended diffusely into the matrix around 
the outside of the coal sample where the resin was bound to the surface. This migration was 
noticeable worse for the iododecane than the bromodecane dopant. Some examples are 
shown in Figure 5.12. The results implied that, despite the relatively long carbon chain of the 
dopant, it remained sufficiently mobile and unbonded to the resin to travel through the 
forming polymer network and into the open fine pores of the coal matrix where the resin had 
not penetrated. 
Diiodomethane 
In addition to the iododecane, which possesses one iodine atom per 10 carbons, doping trials 
were also performed using diiodomethane (CH2I2), which possesses two iodine atoms per one 
carbon. As shown in Table 5.01, diiodomethane mixed with both of the Spurrs resin 
formulations, and remained homogeneously distributed during curing, with the exception of 
one pair of samples. These corresponded to the second highest doping concentration (1.05 
vol%), for which radiographs of both the Spurrs 4206 and Spurrs 4221 bullets exhibited an 
accumulation of diiodomethane at their tip. The reason for this is not understood, given that 
the highest doping concentration (1.39 vol%) did not show such separation, although it may 
suggest that diiodomethane is less compatible with the epoxy resins during curing than the 
longer-chained bromoalkanes and iododecane in the previous subsection. The acrylic LRW 
resin also exhibited some curing problems when doped with diiodomethane. For higher 
concentrations of the dopant, a thin layer of diiodomethane appeared to fill the gap between 
the LRW bullet and its Eppendorf container, suggesting that the solubility limit had been 
exceeded during curing. 
Table 5.08 provides the X-ray count averages across bullets of the two Spurrs resins doped 
with diiodomethane to varying levels, while Figure 5.13 plots the line profiles for the Spurrs 
4221 samples. The attenuation, which again increases as expected with dopant concentration, 
is much stronger than for the longer-chained dopants in Tables 5.06 and 5.07, owing to the 
markedly higher iodine/carbon ratio of diiodomethane. Indeed the lowest concentration of 
CH2I2 (see Table 5.08) gives similar levels of attenuation to the highest concentrations (see 
Tables 5.06 and 5.07). Thus the above-mentioned issues of diiodomethane expulsion during 
curing at high dopant concentrations may not be a serious drawback if sufficient attenuation 
(or electron density) to achieve a workable contrast can be obtained at much lower doses. 
Note though that the significantly higher attenuation in Spurrs 4221 compared to Spurrs 4206 
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(see Table 5.08) suggests that some expulsion of CH2I2 from the latter resin may have 
occurred even at low doses. 
 
 
Control 1 drop 2 drops 3 drops 4 drops 
Spurrs 
4206 
CH2I2 
32542 27926 26194 20886 18676 
Spurrs 
4221 
CH2I2 
32540 25991 22510 15853 15258 
Table 5.08: Averaged X-ray counts through epoxy bullets of the two Spurrs resin formulations, each 
doped with diiodomethane at 4 increasing concentrations and then cured, and compared to the 
undoped (0%), cured control. 
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Figure 5.12: Representative SEM images of polished surfaces of the CSIRO 1 coal sample. The top 
two images (A and B) show the Spurrs 4206 resin control and impregnated with diiodomethane  
(4.24%). The middle two images (C and D) show the Spurrs 4221 control with diiodomethane 
(4.24%). The bottom three (left to right) show the LRW sample (E), the bromodecane (4.81%) sample 
(F) and the iododecane (4.24%) sample (G).  
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C D 
E F G 
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Figure 5.13: X-ray count profiles versus pixel position along the horizontal axis across the Spurrs 
4221 resin samples doped with diiodomethane at 4 increasing concentrations and then cured, and 
compared to the undoped (0%), cured control.  
 Epibromohydrin 
The results in the preceding subsections indicated that while halogenated organic molecules 
can be uniformly blended into the liquid resin, and often remain homogeneously distributed 
during curing of a resin block, the presence of the coal matrix can impose heterogeneity. 
Even quite long-chained dopant molecules appeared to be able to diffuse through the resin 
network filling a fracture, before, during or after curing, to be drawn (by adsorption or 
capillarity due to preferential interaction) into the empty fine pores of the adjoining coal 
matrix. Although SEM imaging of coal embedded in diiodomethane-doped epoxy was not 
performed, it is likely that this much smaller molecule would exhibit even greater mobility 
and migration into the coal, to an extent approaching that of pure iodine (I2). These results 
made it apparent at that the ideal dopant would be a small halogenated molecule that was able 
to bond with the resin network during curing. One such candidate for epoxy resins was 
epibromohydrin, which possesses an epoxide linkage and a bromine atom. 
Epibromohydrin was tested in the epoxies using a similar workflow (see Figure 5.06) to the 
above-mentioned dopants samples, namely first in resin bullets, then in coal fragments and 
finally on a coal core sample. The presence of its epoxide functional group meant that 
epibromohydrin could not be added after the resin was mixed with the amine (DMAE). 
Further, simply adding the epibromohydrin to the standard Spurrs formulation would risk 
making the cured resin too brittle to cut and polish. Accordingly, 50% of the ERL 4206 or 
ERL 4221 in the Spurrs recipe was replaced with 6.38 vol % epibromohydrin (Spurr 1969). 
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However for the two-component Epofix epoxy, the epibromohydrin was merely added on top 
of the resin component. 
The bullet experiments showed that epibromohydrin remained homogeneously distributed in 
the Spurrs resin during and after curing (see Figure 5.04 for Spurrs 4206), while it partly 
separated from Epofix (see Figure 5.05). Thus further testing was limited to the Spurrs resins. 
The X-ray count averages and line profiles for epibromohydrin-doped Spurrs 4206 are given 
in Table 5.09 and Figure 5.14. The radiographs were acquired with a flat panel detector that, 
rather than the CCD detector used in all other graphs in this chapter. The new detector gave a 
smoother graph with less noise, but with different intensity counts to the CCD, thus the 
results for epibromohydrin can only be compared internally, and not with the preceding 
graphs. However, it is clear from Table 5.09 and Figure 5.14 that the epibromohydrin at the 
doping level used produced a sufficient boost in X-ray attenuation for practical contrasting 
purposes. Further, this doping did not appear to cause any worsening of the mechanical 
properties of the Spurrs resin during cutting and polishing. 
 
Spurrs 4206 No Sample Control Epibromohydrin 
Average 19999 16350 12394 
Table 5.09: Averaged X-ray counts through Spurrs 4206 resin sample doped with epibromohydrin 
and then cured, and compared to the undoped, cured control.  
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Figure 5.14: X-ray count profiles versus pixel position along the horizontal axis across the Spurrs 
4206 resin sample doped with epibromohydrin and then cured, and compared to the undoped, cured 
control and to a clear field (without any sample).  
Figure 5.15 shows the same registered slice from the tomograms of a coal sample in its 
unembedded state and after embedding in Spurrs 4206 resin doped with epibromohydrin. The 
scale of the colour scheme applies to both these images; colours more to the right of the 
spectrum indicate a higher level of attenuation. The slice in Figure 5.15b verifies that the 
doped resin fully impregnates the coal fractures and macropores, as was the case for the 
undoped resin in Figure 5.03a. Most importantly, the cured resin exhibits a constant level of 
attenuation across the pores, without the halos and bleeding seen with the non-bonding 
dopants in Figure 5.12. Moreover, the resin attenuation is intermediate to the coal matrix and 
its mineral inclusions. Thus this dopant facilitates image analysis to extract quantitative 
measures of fractures and pores in coal. The only artefacts present in the tomogram are not 
caused by the dopant, but rather result from image acquisition (e.g. the small amount of phase 
contrast around the stained sample (indicated by the green lining), the ring artefacts, and the 
slight beam hardening). 
A SEM micrograph of a cut and polished section of a coal sample also embedded in this 
Spurrs 4206 resin doped with epibromohydrin was shown at the right of Figure 5.01. Another 
SEM image is shown in Figure 5.16 to further illustrate the uniform filling and electron-
density contrast of fractures and macropores by the doped resin. 
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Figure 5.15A, 5.15B, 5.15C and 5.15D: Slice of tomogram of the CSIRO 1 coal sample registered in 
two states: (A and B) without resin embedding, and (C and D) after embedding in Spurrs 4206 resin 
doped with epibromohydrin. The left images (A and C) show the raw tomogram and the right images 
(B and D) show colour scheme to delineate the features. In the coloured images on the right, coal can 
be seen as a light purple, while clays are a fluorescent green, minerals are yellow and the stained resin 
mixture appears as a maroon. The images are 6.75mm wide and 5mm high. 
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Figure 5.16: SEM image of polished surfaces of the CSIRO 1 coal impregnated with Spurrs 4206 
resin doped with epibromohydrin. 
 
5.7 Conclusion 
Resin impregnation is used to structurally support coal samples to make them more robust 
during cutting and polishing of sections for SEM imaging and high-resolution two-
dimensional image analysis. However, typical resins greatly reduce the image contrast 
between filled fractures and macropores and the surrounding coal matrix. Of the four resins 
tested, the acrylic LRW did not provide any advantages over the three epoxies in terms of 
improved miscibility with the high density dopants tested. Indeed LRW suffered from the 
disadvantage of incompletely embedding coal fractures due to lack of bonding to coal 
surfaces and/or excessive shrinkage on curing. Of all the resins tested here the best resin for 
use in coal samples was the Spurrs 4206 resin due to the fact that it does not retract on curing, 
it is miscibility with epibromohydrin and it has a slightly lower viscosity than Spurrs 4221. 
A range of bromoalkane and iodoalkane dopants satisfied the criteria of miscibility and 
curability in all resins, but exhibited unacceptably high mobility, resulting in their diffusion 
out of the resin and into the unfilled micro/nano-pores of the coal matrix. The dopant that 
satisfied all criteria for coal was epibromohydrin, which bonded with the epoxy resin during 
curing to uniformly raise its density while preventing migration out of the filled fractures and 
into the matrix. This additive was thus well suited to a complete top-down analysis of coal, 
including both SEM and QEMSCAN. 
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Chapter 6 Conclusion 
 
This thesis demonstrated the value and limitations of computational techniques when they are 
used in conjunction with traditional laboratory methods and as a standalone for coal analysis. 
FESEM and QEMSCAN are important techniques for analysing the surface features and 
mineral details in coal plugs. These techniques can be coupled with tomography to extend the 
mineral analysis through a three dimensional volume. 
Tomography has been used to indicate the locations of fractures and pores in three different 
coal core samples. Porosity was measured experimentally using a combination of mercury 
and helium techniques and then compared to a computationally determined difference of the 
threshold values in dry and saturated core states. Micro-CT information regarding these 
fractures along with the size and distribution of the porosity can be used in conjunction with 
other techniques as a way to indicate the location and shape of pores that could be potential 
storage sites for gas. The information provided by tomography can also be used to give an 
indication of the production rate of the gas from the reservoir based on the location and 
orientation of fractures in the core.  
Helium and mercury injection to determine porosity are regarded as standard measurements. 
Computational analysis can be used as a complimentary technique for larger feature 
reservoirs and can provide important qualitative information on cores consisting of smaller 
features. The primary benefit of tomography at its current level of resolution for coal samples 
of this size is the spatial visualisation of the porosity. Some of the inputs for the porosity 
values in the MANGO analysis section are based on human input and as a result are prone to 
minor errors, these values will vary between users, but over time can be easily minimised 
with the establishment of a common workflow for all samples of a particular type. 
 
Sample Mercury and Helium Tomography Difference 
CSIRO 1 5.75% 5.57% 3.0% 
CSIRO 3 3.52% 10.30% 292.6% 
CSIRO 5 3.02% 0.53% 469.8% 
Table 6.01: The porosity was not a reliable match for the CSIRO samples owing to the size and 
resolvability of the pores and fractures. 
Mineral analysis revealed that the mineralogy can change throughout the core sample. 
Microscopy was incredibly valuable here, with both automated and manual techniques 
yielding plenty of information regarding matrix composition and spatial location of the 
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mineral features in the coal. Registered tomography scans revealed that the samples were 
heterogeneous over the small volume of the cores. This was also evident from the 
QEMSCAN results.  
Several resin types were tested to see which bonded favourably with the organic rich coal 
surfaces. The problem was three-fold, finding a balance between mechanical strength of the 
set resin, a low viscosity so it could work its way into the finer features of the matrix and 
appropriate chemical structure so it could be stained in a homogeneous manner to highlight 
finer fractures on the surface. The suggested method and embedding techniques for the 
epoxide resins showed the most promising results. The Spurrs 4206 resin allows for a user-
defined level of attenuation when combined with epibromohydrin to make it suitable for 
embedding with clay or organic rich samples.  
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